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ABSTRACT
This dissertation includes two major projects. The first project investigated the great
potential of polymer-derived ceramics (PDCs) as lithium-ion battery anode materials with
good cycling stability and large capacity. SiCNO ceramic nanoparticles were produced by
pyrolysis of polysilazane nanoparticles synthesized via an oil-in-oil emulsion crosslinking.
The SiCNO nanoparticles had an average particle size of around 9 nm and contained
graphitic carbon, Si3N4, and SiO2 domains. The electrochemical behavior of SiCNO
nanoparticles anode was investigated to evaluate the Li-ion storage performance and
understand its mechanism of Li-ion storage. The lithiation of SiCNO was observed at
~0.385 V versus Li/Li+. The anode had a large capacity of 705 mAh g-1 after 350 cycles
with a current density of 0.1 A g-1. Moreover, it showed excellent cyclic stability with a
capacity decay of 0.049 mAh g-1 (0.0097%) per cycle. In situ TEM analysis demonstrated
that the SiCNO nanoparticles exhibit extraordinary structural stability with only 9.36%
linear expansion in the lithiation process. The second project investigated the removal of
heavy metals ions from wastewater using electrospun polyelectrolyte fibers of polyacrylic
acid (PAA) and polyallylamine hydrochloride (PAH). Polyelectrolyte fiber mats were
fabricated by electrospinning followed by thermal crosslinking. The fiber mats were
evaluated for their efficiency in removing heavy metals in synthetic metal solutions. 70 %,
98 %, and 92 % removals of Pb2+, Cd2+, and Cu2+, respectively, were observed at pH 7.4.
Metal ion-carboxylate complexations were studied by FT-IR spectra, which indicate
carboxylate groups from PAA play important role in heavy metal ion removal.
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CHAPTER 1: INTRODUCTION

1.1. Background

1.1.1. Lithium-ion Batteries as Energy Source of 4th Industry Revolution
“Today, science and technology have two important missions. One is to address global
environmental issues, and the other is the Fourth Industrial Revolution.” Said Yoshino
Akira, a great chemist who invented the first safe lithium-ion battery capacity for mass
production and was awarded the 2019 Nobel Prize in Chemistry. It is my honor to work
on research related to those two missions during dissertation work. Therefore, I would
like to introduce two of my research projects in this dissertation. One is polymer-derived
ceramics for lithium-ion battery application. The other one is the synthesis of
polyelectrolyte nanofiber by electrospinning for controlling heavy metal ions pollution.

The safe lithium-ion battery invented by Yoshino Akira is widely used in portable
electronic devices, which leads to the development of cell phones and notebook
computers. [1-3] Looking back at history, industry revolutions were based upon energy
revolutions. James Watt invented steam engines in the 19th century, which leaded to the
First Industrial Revolution. [4, 5] In the 20th century, electricity was discovered which gave
rise to the Second Industrial Revolution of mass production. [6] Nowadays, we are on the
eve of the Forth industry revolution. It will be a hyperlink revolution based on advances in
artificial intelligence (AI) [7], robotics [8], the Internet of Things (IoT) [9, 10], genetic
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engineering [11], and quantum computing [12], and more. All those extraordinary
breaking though are based on the same power source, a battery. This battery is not a
disposable dry battery. It is an advanced secondary battery with high power density, high
energy density (up to 500 Wh/kg), fast charging rate, and good cyclic stability. This
advanced battery will be used for intelligent robots, long-driving range electric vehicles,
and large-scale grid storage. Do current batteries meet those requirements?

Current commercial lithium-ion batteries do not have enough energy density. Figure 1
demonstrates the history of battery development. [13] The energy density of the lithiumion battery is about 300wh/kg, which is approaching its maximum but still not enough to
meet the demand for technologies in the 4th Industrial Revolution. For example, state of
art commercial cell PANASONIC 2170 cells for Tesla cars have an energy density of 260
Wh/kg. However, the energy density requirement of the battery for industry 4.0 is 500
Wh/kg, which is almost twice what the batteries have right now. To achieve the goal, new
materials with a larger capacity for lithium-ion storage are needed.

2

Figure 1: Development of battery as a power source. Represented from reference [13]
with permission. Copyright (2018) Elsevier.
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One of the major limitations of current lithium-ion batteries is graphite anode material. The
theoretical capacity of a commercial graphite anode is only 372 mAh g–1 (for LiC6 as end
material) [14, 15], which is one of the bottlenecks of the problem. Silicon (Si) helps solve
the problem. Among all anode materials for lithium-ion batteries, silicon provides the
largest capacity 4200 mAh g–1 (Li22Si5) [16], more than 10 times of that of graphite. What
prevents silicon from being commercialized?

The major problem that hinders silicon from being the anode of a secondary battery is its
insufficient cyclic stability with rapid capacity fading. [17-19] The failure mechanism of
silicon is its huge volume expansion during lithiation. In a lithium-ion battery, the lithium
ions are reversibly inserted into and extracted from two electrodes. With a large capacity,
a huge amount of lithium ions alloy with silicon, which causes a huge volume expansion.
After Li alloying, Si expends up to 400% of its original volume. An irreversible electrode
deformation follows this volume expansion. Shi and co-workers [20] reported this
mechanical degradation during the lithiation of single-crystal silicon electrodes. In the 30th
cycle, silicon losses the lithiation and delithiation peaks in its current-voltage curve, as
shown in Figure 2c. That is due to the breakage of its microstructure. Figure 2g-i shows
the creak and deformation of silicon’s microstructure, which leads to the loss of
conduction and capability of lithiation. As a result, the volume expansion causes severe
capacity and power fading.

4

Figure 2: Current-voltage curves of a Si(100) electrode cycled between 2.0 and 0.01 V at
a scan rate of 0.1 mV s−1 for (a) 1–3, (b) 4–8 and (c) 30 successive lithiation/delithiation
cycles. Top-view scanning electron microscope images of electrode surface morphology
obtained after (d) 3, (e) 8, (f) 50 and (g–i) 30 cycles. Scale bar, 20 μm (d–h), 3 μm (i).
Represented from reference [20] with open access.
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The current solution to silicon’s rapid capacity fading is to provide room for Si to expand
and avoid structural degradation. For example, Liu and coworkers [21] designed a
pomegranate-like structure, where single silicon nanoparticle is encapsulated by a
conductive carbon layer that leaves enough room for expansion and contraction following
lithiation and delithiation, as shown in Figure 3. Its capacity retention remains at 97% after
1,000 cycles with high Coulombic efficiency of 99.87%. However, this method only slows
down the mechanical failure but cannot solve the basic problem and avoid the volume
change of Si. Therefore, degradation happens and results in an irreversible capacity drop.

There is a balance between capacity and cyclic stability. The increase of 10 times of
capacity from graphite electrode to silicon electrode leads to a huge decrease in
reversible cycle number from thousands of cycles to only 30 cycles. However, the
demand is to double the energy density and capacity of current batteries. Therefore, is
there an anode material having only 2 times the capacity of graphite and a relatively good
cyclic stability? In Chapters 2 and 3, a polymer-derived ceramic with a reversible capacity
of 705 mAh g-1 after 350 cycles has been studied. This ceramic particle demonstrated
extraordinary structural stability with 9.36% linear expansion in the lithiation process by
in situ TEM investigation. This ceramic particle shows large capacity like silicon anode
and good cyclic stability as graphite electrode. It is a promising anode material for the
next generation of lithium-ion batteries and potentially meets the battery demand of the
4th Industry Revolution.

6

Figure 3: Three-dimensional view (a) and simplified two-dimensional cross-section view
(b) of one pomegranate microparticle before and after electrochemical cycling (in the
lithiated state). The nanoscale size of the active-material primary particles prevents
fracture on (de)lithiation, whereas the micrometer size of the secondary particles
increases the tap density and decreases the surface area in contact with the electrolyte.
The self-supporting conductive carbon framework blocks the electrolyte and prevents SEI
formation inside the secondary particle while facilitating lithium transport throughout the

7

whole particle. The well-defined void space around each primary particle allows it to
expand without deforming the overall morphology, so the SEI outside the secondary
particle is not ruptured during cycling and remains thin. Represented from reference [21]
with permission. Copyright © 2014, Nature Publishing Group.

1.1.2. Heavy Metal Pollution and Removal
The second project in this dissertation work is the synthesis of polyelectrolyte fibers by
electrospinning for heavy metal ion removal. Industry pollution is one of the most severe
sentimental problems nowadays. The growth of industry and human activities, like battery
fabrication [22], electroplating [23], mining industry [24], pesticide production [25, 26],
textile industry [27], petrochemicals industry [28, 29], increase the generation of
wastewater containing heavy metal ions. Discharge of industrial wastewater without
treatment has resulted in heavy metal pollution of waters, soil, and environment. [30-32]

Traditional methods used for heavy metal ion removal of wastewater treatment include
chemical precipitation, electrochemistry, membrane separation, and adsorption method.
Each method has its pros and cons.

The chemical precipitation method is to add chemicals to wastewater. The water-soluble
heavy metal ions can be converted to insoluble precipitate and be removed. [33, 34] For
example, limewater can be added to wastewater and produce metal hydroxide
precipitation. This method is a simple way to precipitate and separate heavy metals from
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water and different heavy metal ions can be removed at the same time. However, adding
chemicals to water can easily introduce secondary pollution.

The electrochemistry method is based on an electrolysis mechanism. [35-38] Heavy
metal ions are reduced and accumulate on electrodes or precipitate at the bottom of the
container. It is a complex procedure including redox reactions and precipitation reactions.
For example, Sun and coworkers [39] reported the fabrication of a WO3/PPy-1/ACF
electrode prepared by a hydrothermal modification method for the electrochemistry
method of heavy metal ion removal from wastewater as shown in Figure 4. The system
simultaneously and successfully removed 97.8 % Cu2+ and 80.1 % citric acid (CA) from
simulated electroplating wastewater. Moreover, the electrochemistry method is a good
way to recycle heavy metals. However, the cost of the electrochemistry method is
relatively high. Therefore, it is rarely used when the concentration of metal ions is low due
to the relatively high cost.
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Figure 4: WO3/PPy-1/ACF electrode prepared by a hydrothermal modification method
with a large specific area (788.27 m2 g−1) and high areal capacitance (2.58 F cm −2 under
5 mA cm−2 charge and discharge) can use for electrochemistry method of heavy metal ion
removal from wastewater. The system simultaneously and successfully removed 97.8 %
Cu2+ and 80.1 % citric acid (CA) from simulated electroplating wastewater (typically
100 mg L−1 Cu2+ and 800 mg L−1 CA) in a five-hour optimized operation. There is an
interplay between Cu2+ reductive deposition and CA oxidation. The synergetic
electrochemical treatment mechanism involves the formation of hydrogen peroxide and
free radicals, and the catalytic effect of Cu species was proposed. This electrochemical
system, which is low-cost, easy to operate, and highly efficient, may be applicable in
treating acid-wash or electroplating wastewater, containing heavy metal ions and organic
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acids. Represented from reference [39] with permission. Copyright © 2020 Elsevier B.V.
All rights reserved.

The membrane separation method is to use semipermeable membranes to filter
wastewater. [40-44] This is a physical process without chemical change of the solute to
separate or concentrate waste from water with the presence of external pressure.
According to the property of membranes, membrane separation includes microfiltration
[45, 46], ultrafiltration [47-50], nanofiltration [51-54], reverse osmosis [55-57], electrodialysis [58-61], and liquid membrane [62, 63]. For example, Yuen and coworkers [64]
fabricated ZIF-300/ alumina membrane for metal ion removal as shown in Figure 5. ZIF300 is a water-stable metal-organic framework (MOF) with a pores size of around 7.9 Å.
The kinetic diameter of the water molecule is ~2.8 Å so the membrane is permeable to
water. However, the size of heavy metal ions is larger than that of MOFs so the membrane
is capable of removing the metal ions from water. The advantage of membrane separation
is that it does not introduce secondary pollution into the water. However, the use of a
membrane is very expensive. It needs periodic maintenance and periodic exchange.
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Figure 5: Graphical drawing of ZIF-300 deposited on alumina for metal ion removal and
organic dye from water. Represented from reference [64] with permission. © 2018
Elsevier B.V. All rights reserved.

The adsorption method is to remove the heavy metals in wastewater by the adsorbent.
[65-67] It includes physical adsorption [68-70], resin adsorption [71-74], and biological
adsorption [75-78]. In the physical adsorption method, the adsorbent adsorbs heavy metal
ions in the wastewater to remove heavy metal ions. The adsorbent needs to have a high
specific surface area or an abundant high-density void structure on the surface of the
adsorbent. Commonly used adsorbents are activated carbon, zeolite, clay minerals,
molecular sieves, etc. Activated carbon is the earliest and most widely used adsorbent.
[79-81] It has strong adsorption capacity and large adsorption capacity. Moreover, it can
adsorb a variety of heavy metal ions at the same time. However, activated carbon is
relatively expensive with short service life. The resin adsorption method uses functional
12

groups in the resin for heavy metal ions to chelate to form a complex. The resin contains
many active functional groups, including hydroxyl, carboxyl, amino, etc. These active
functional groups can effectively chelate with metal ions. Among them, chitosan [82-85]
and its derivatives are the most widely used due to their good adsorption properties.
Biosorption refers to the use of the chemical structure or composition characteristics of
organisms to adsorb heavy metal ions in wastewater. [86-88] The essence of a biosorbent
is a special ion exchanger, mainly bacteria [89-91], algae [92-94], and cell extracts [92,
95], which act on biological cells. Biosorbents are more and more widely used in the
treatment of heavy metal wastewater due to their abundant sources and easy recovery.

In this project, a polyelectrolyte nanofiber mat has been produced by electrospinning. The
diameter of the fiber is several hundreds of nanometers, so-called nanofiber. The
nanofiber is a polyelectrolyte fiber, which keeps all the advantages of polyelectrolyte in
heavy metal ion removal, including a high local concentration of functional groups such
as carboxylates, as well as strong interactions of these functional groups with metal ions.
Moreover, the accumulation of nanofiber forms a porous structure in the fiber mat. The
porous structure increases its surface area, which is beneficial for ion absorption. Last
but not least, electrospun polyelectrolyte fiber is a low-cost material so it decreases the
cost of the adsorption method. As a result, electrospun polyelectrolyte nanofiber shows
great potential in heavy metal ions adsorption.
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1.2. Characterization
Several characterization methods are used to investigate material compositions,
structures, chemical porpoises, and electrical porpoises. A brief introduction of the
characterization methods, instruments, and techniques is shown below.

1.2.1. Fourier-Transform Infrared Spectroscopy
Fourier-Transform Infrared Spectroscopy (FTIR) is a quick and straightforward method to
investigate the molecular structure of a chemical compound. The mechanism of FTIR is
to use infrared light to identify the covalent bonds of a molecule. A covalent bond can
absorb the light with a specific wavelength and start stretching, scissoring, or rocking
movement by the excitation of the light. Absorbance (A) describes how much incident
light is absorbed. It is defined by Equation 1.

𝐴 = − log 𝑇

(1)

Where T is transmission, which states the fraction of incident light that is transmitted.
When a full wavelength range (typically 400 – 4000 cm-1) of light is applied to the
compound, part of the light is absorbed by the material. Therefore, an infrared absorbance
(or transmission) spectrum is produced. The type of covalent bond can be identified by
the spectrum. The molecular structure of the compound is determined by the exhibited
chemical bonds.

14

The FTIR Spectrometers used in this study are Shimadzu IRSpirit with QATR-S AT and
Perkin Elmer Spectrum 100 Series. Shimadzu IRSpirit is a portable FTIR
spectrophotometer for qualitative and quantitative measurements in the wavelength
range of 400 – 4000 cm-1. The wavelength range available for Perkin Elmer Spectrum
100 Series is 650 – 4500 cm-1. Both instruments are capable of analysis of liquid or solid
(e.g., powder, rubber, thin film) samples. It is very important to run a background scan
between different samples to avoid contamination during the FITR test.

1.2.2. Scanning Electron Microscope
Scanning Electron Microscope (SEM) is one of the most powerful tools to investigate
nanomaterials and nanotechnology. Compared to an optical microscope, a beam of
electrons is used instead of light, exploiting the wave-particle duality of electrons. A highenergy electron beam is applied on the surface of the material, which generates different
kinds of signals. The interaction between electron-beam and sample reveals information
and properties of the sample, for example, morphology (texture), chemical composition,
crystal structure, and orientation. The resolution of SEM is better than that of optical
microscopes since the wavelength of electrons is much smaller than the wavelength of
light.

Samples need to be well prepared before SEM testing. First, the section of interest needs
to be exposed on the surface of the sample. For example, to investigate the porous
structure of graphene aerogel, its cross-section needs to be visible by cutting or breaking
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a liquid nitrogen frozen aerogel sample. Second, the sample surface needs to have good
electrical conductivity. Insufficient conductivity leads to the accumulation of charge on the
sample surface. It shows extremely bright spots on the image, which influences the
brightness of the entire image. Sputter coating is a helpful way to increase the surface
conductivity, in which a thin layer of gold is coated on the surface of the sample. Third,
the sample needs to be firmly attached to the sample holder. Any loss attachment or loss
powder would gain the risk to block the lenses for imaging. Fourth, the sample needs to
have good thermal stability. Electron-beam will continue to attack the material surface of
interest at its focus and generate a huge amount of heat during imaging, especially highresolution imaging. The sample without good stability would be easily burnt by the ebeam. Last but not least, the sample should not contain any volatile solvent to protect the
vacuum environment of the SEM chamber. Therefore, samples need to be prepared in a
vacuum oven to remove any solvent before SEM testing.

1.2.3. Transmission Electron Microscopy
Transmission Electron Microscopy (TEM) is another powerful tool for nanotechnology
investigation. It is useful to study both surface and internal information of samples. TEM
uses a high-energy beam of electrons as a light source as well. The electron penetrates
the sample and gets focused by the electromagnetic lens on the image. TEM samples
are required to have good transparency to the transmitted electrons. The sample is
usually dispersed in an appropriate solvent and cast on TEM grids. Then, the solvent is
dried in an air or vacuum oven, and the sample is placed on the grids. TEM grids typically
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contain 3 layers, the carbon conductive layer on top, the transparent polymer layer in the
middle, and the metal grids support on the bottom. Copper and nickel grids are commonly
used as the support material in TEM grids. Moreover, silicon nitride grids are also used
for the samples that need to go through a harsh reaction condition of synthesis. Fine tip
tweezers are used to transfer the grids during the sample preparation. However, the
tweezers can easily break the polymer film and lead to difficulty for observation and
imaging in TEM. It needs the practice to hold the edge of TEM grids without hurting the
polymer film with the sample on it.

HRTEM and STEM are the 2 common TEM technologies. HRTEM has a better resolution
than regular TEM. The resolution of HRTEM can go to ~ 0.1 – 0.2 nm. Therefore, it can
be used to investigate the fine internal structures of a sample. STEM scans the sample
point by point instead of imaging a face. It gets more focused on a point of the sample
and shows a more detailed characterization. Moreover, STEM is also coordinated with
dispersive X-ray spectroscopy (EDS) mapping for elemental analysis.

In situ TEM is refer to the process of directly observing the microstructure evolution and
characterization of the sample under the interaction of force, heat, electricity, magnetism,
and chemical reaction at the atomic level. On the contrary, ex-situ TEM is that the
interaction of the sample is finished outside of the microscope. The sample is put into
TEM for observation after the experiment to compare with what it shows before the
experiment. In this way, ex-situ TEM infers the changes in the sample in the experiment.
However, the entire process of the experiment is observed and recorded by microscopy
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during in situ TEM. It provides solid evidence of the sample change during the experiment.
For example, Matthias et al. report the observation of lithium intercalation of two graphene
layers with multi-layered close-packed order that exceeds the expected formation of LiC6
[96]. In situ TEM provides the conditions close to reality which reveals a directed
relationship between microstructure changes and external excitations so that it helps to
study reaction mechanism on an atomic level.

1.2.4. X-ray Diffraction
X-ray diffraction (XRD) is an experimental method to determine the crystalline structure
of a material. The crystalline structure changes the propagation direction of the X-ray
beam,

so-called

diffraction.

Crystalline

materials

have

periodically

ordered

microstructure. Measurement of the diffraction angle of X-ray determines the information
of the crystalline material, including the type and position distribution of atoms and their
chemical groups, and the shape, and size of the united cell. X-ray diffraction of crystalline
structure meets Bragg’s Law, as displayed in Equation 2.

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆

(2)

Where d is a grating constant of the crystal; θ is the optic glancing angle; n is diffraction
order; λ is the wavelength.
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1.2.5. X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) or electron spectroscopy for chemical analysis
(ESCA) is a characteristic method to investigate the surface elemental composition of a
material. X-ray is used to irradiate the material of interest surface and interact with the
surface atom. The second electron shell of the atom is activated and escapes the nucleus
of an atom. Then, the kinetic energy and amount of the escape electrons are measured
by a detector. The kinetic energy of escape electrons is analyzed to calculate the binding
energy of the atom by subtraction of the known photon energy of x-ray, as displayed in
Equation 3. The binding energy can be used to determine the type of element of the atom
and even the oxidation state of the element.

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + 𝜙)

(3)

Where Binding is the binding energy of the electron, Ephoton is the energy of the X-ray
photons, Ekinetic is the kinetic energy of the electron measured by the instrument, ϕ is a
work function used as charge correction adjustable parameter to the real measurements
of the instrument with a specific surface of the sample. During the measurement, the
sample surface usually gets charged when irradiated by X-ray. The surface charges have
static electricity interaction with the emitted electrons and affect the kinetic energy of the
electrons. Therefore, the work function ϕ is used to eliminate this effect of static electricity
interaction in the result of binding energy. Carbon-carbon single bond is usually used as
the indicator for charge correction with constant binding energy of 248.48 eV.
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XPS also includes quantitative analysis. The amount of the different kinds of escape
electrons indicates the element composition fraction of the surface of the material. The
analysis depth of XPS can be in the range of 1 to 10 nm. Atoms with 1 layer of electrons
out of the nucleus, like hydrogen and helium, cannot be detected by XPS since the X-ray
interacts with the second shell of electrons and turn them into emitted electrons.

1.2.6. Electrochemical Workstation.
An electrochemical workstation is an instrument with a potentiostat to execute a series of
electrochemical tests, for example, cyclic voltammetry (CV) and AC impedance. Typically,
the electrochemical workstation contains a working electrode, a reference electrode, and
a counter electrode, a so-called 3-electrode system. An electrochemical cell setup is
usually used to study the electrochemical behavior of the material of interest. The working
electrode is connected to activate the material of interest. The reference electrode is
connected to a suitable reference electrode, such as a silver/silver chloride reference
electrode, calomel reference electrode (CRE), and hydrogen reference electrode (HRE),
to provide a constant voltage as a reference for the voltage measurement of the working
electrode. The counter electrode is connected to graphite(carbon), platinum, gold, and
rhodium counter electrode for the measurement of current in the circuit. Compared to the
2-electrode system, the advantage of the 3-electrode system is that it improves the
accuracy of potential and current measurements. A 2-electrode system only contains a
working electrode and a counter electrode. The counter electrode is easily polarized when
voltage or current is large in the circuit. The polarization of the electrode will change the
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potential of the working electrode and even damage the working electrode. As a result, it
is hard to control the accuracy of potential measurement in the 2-electrode system. With
reference electrodes, this problem is easily solved in a 3-electrode system. The current
is measured in the circuit of the working electrode and counter electrode in series, and
voltage is measured in the circuit of the working electrode and reference electrode in
series.

An electrochemical workstation is also used to execute EIS measurement by AC
impedance test. A coin cell of a lithium-ion battery half-cell sample can be connected to
an electrochemical workstation by a suitable fixture. The half-cell sample has a working
electrode on the positive side and a lithium metal chip on the negative side. The working
electrode of the electrochemical workstation is connected to the positive side of the halfcell sample. The counter electrode and reference electrode are both connected to the
negative side. Then, an alternating current with a range of frequency is applied to the halfcell sample to measure the AC impedance.

1.3. Techniques

1.3.1. Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) is a method to determine alternating
current (AC) impedance, including resistance (R), capacitance (C), and inductance (L).
In EIS, a small amplitude sinusoidal current (or voltage) excitation signal with an angular
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frequency ω is applied and the voltage (or current) response is measured. Typical
electrical measurements are functions of time, like cyclic voltammetry. However, the
signal of EIS is a function of frequency with a constant voltage or current amplitude.
Moreover, when the current signal is applied, the voltage response has a phase difference
of φ. Equations 4 and 5 of AC excitation and voltage response are as follow,

𝐼 = 𝐼𝑚 𝑒𝑥𝑝(𝑗𝜔𝑡)

(4)

𝑉 = 𝑉𝑚 𝑒𝑥𝑝 [𝑗(𝜔𝑡 + 𝜑)]

(5)

Where j is the square root of minus one as the operator for the imaginary number.

By Ohm’s law of the AC circuit model, the impedance Z(ω) can be calculated by Equation
6:

𝑍(𝜔) =

𝑉(𝜔)
𝐼(𝜔)

=

𝑉𝑚 𝑒𝑥𝑝 [𝑗(𝜔𝑡 +𝜑)]
𝐼𝑚 𝑒𝑥𝑝(𝑗𝜔𝑡)

=

𝑉𝑚
𝐼𝑚

𝑒𝑥𝑝 (𝑗𝜑)

(6)

It can be further simplified into Equation 8 by Euler’s formula of Equation 7.

𝑍(𝜔) =

𝑉𝑚
𝐼𝑚

𝑒𝑥𝑝(𝑗𝜑) =

𝑉𝑚
𝐼𝑚

𝑒𝑥𝑝(𝑗𝜑) = 𝑐𝑜𝑠(𝜑) + 𝑗𝑠𝑖𝑛(𝜑)

(7)

[𝑐𝑜𝑠(𝜑) + 𝑗𝑠𝑖𝑛(𝜑)] = 𝑍0 [𝑐𝑜𝑠(𝜑) + 𝑗𝑠𝑖𝑛(𝜑)]

(8)

The impedance can be represented as a complex number with real and imaginary parts,
as displayed in Equation 9.
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𝑍(𝜔) = 𝑍0 [𝑐𝑜𝑠(𝜑) + 𝑗𝑠𝑖𝑛(𝜑)] = 𝑍0 𝑐𝑜𝑠(𝜑) + 𝑗𝑍0 𝑠𝑖𝑛(𝜑) = 𝑍𝑅𝑒𝑎𝑙 + 𝑗𝑍𝐼𝑚𝑎𝑔 ( 9 )

The real part of impedance represents resistance, and the imaginary part of that
represents capacitance and inductance. The Nyquist plot is one of the fundamental ways
to present the result of EIS, in which the x-axis is a real part of the impedance and the yaxis is the negative imaginary part of the impedance. A pure resistance is represented as
a point on the x-axis on a Nyquist plot. A pure capacitance is a straight line on the y-axis,
as shown in Figure 6 (a). The imaginary part of impedance (ZImag) is close to 0 when
angular frequency ω is close to infinite, while the ZImag is close to negative infinite when
angular frequency ω is close to 0. The definition of angular frequency ω is shown in
Equation 10.

𝜔 = 2𝜋𝑓

( 10 )

Where f is frequency. The Nyquist plot of resistance and a capacitance in series a straight
line parallel to the y-axis, as shown in Figure 6 (b). The x-intercept is the value of
resistance.

When resistance and capacitance in parallel, the real part and imaginal part of impedance
can be calculated as displayed in Equations 11 and 12,

1

𝑍𝑅𝑒𝑎𝑙 =

−
𝑅+𝜎𝜔 2
1

1

−
−
(𝐶𝜎𝜔 2 +1)2 + 𝜔2 𝐶 2 (𝑅+ 𝜎𝜔 2 )2

23

( 11 )

1

𝑍𝐼𝑚𝑎𝑔 =

1

1

−
−
−
𝜎𝜔 2 (𝐶𝜎𝜔 2 +1)+ 𝜔𝐶(𝑅+ 𝜎𝜔 2 )2
1

1

−
−
(𝐶𝜎𝜔 2 +1)2 + 𝜔2 𝐶 2 (𝑅+ 𝜎𝜔 2 )2

( 12 )

Where σ is the Warburg coefficient.

Equations 11 and 12 can be further simply to Equation 13.

𝑅

𝑅

2
(𝑍𝑅𝑒𝑎𝑙 − 2 )2 + 𝑍𝐼𝑚𝑎𝑔
= ( 2 )2
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( 13 )

Figure 6: Nyquist plot of (a) capacitance C, (b) resistance R and capacitance C in series,
(c) resistance R and capacitance C in parallel, (d) resistance RΩ with the connection of R
and C in parallel.

Therefore, it is a semi-circle with a center at (R/2, 0) and a diameter of R, as shown in
Figure 6 (c). The x-intercept apart from the original point is the value of resistance.
Moreover, Figure 6 (d) shows the Nyquist plot of a resistance RΩ with the connection of
R and C in parallel. The semi-circle has 2 x-intercepts, one on the left is the value of RΩ,
and the other one on the right is RΩ + R. Therefore, the diameter of the semicircle is still
R.

EIS is an important tool to study electrode kinetics and superficial phenomena, like redox
reaction, adsorption, and mass transfer at electrode interfaces. Therefore, EIS gets
numerous applications in batteries, fuel cells, supercapacitors, corrosion, coatings and
paints, water electrolysis, sensors, semiconductors, and others. For batteries application,
EIS is used to detect and model the structure of each element of battery cells. It separates
different elements inside the cell and provides detailed insights. Those elements are
assembled as an equivalent circuit to represent interfaces in the cell. A typical equivalent
circuit of a lithium-ion battery contains a bulk resistance element, an SEI element, and a
charge transfer element. The bulk resistance element contains resistance of electrolyte
solution, charge collectors, and separator. The SEI element and charge transfer element
are parallel of resistance and a capacitance/ constant phase element (CPE). The
resistance represents a faradaic impedance, which is the resistance of a redox reaction
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on the surface of the electrode. A faradaic process has two sections, charge transfer and
mass transfer. These two processes can be abstracted as charge transfer resistance and
Warburg impedance. The capacitance is formed by inactivated ions in electrode solution.
Those ions do not precipitate in chemical reactions but form a double-layer capacitor on
the surface of the electrode.

Where Rb is bulk resistance of the cell (electrolyte, separator, and charge collectors); RSEI,
CPESEI are resistance and capacitance of the interfacial layer; Rct, CPEelectrode are chargetransfer resistance and double-layer capacitance; W is diffusional effects of lithium-ion on
the host material.

CPE is an alternative for pure capacitance. Typically, a liquid electrode is a pure
capacitance with ideal polarization, such as mercury, amalgams, and indium-gallium. The
rector of the impedance of pure capacitance is defined in Equation 14.

𝑍𝐶 =

1
𝑗𝜔𝐶

( 14 )

Where C is capacitance and jω is the imaginary part of complex frequency s. To convert
a Laplace function to the frequency domain, s is simplified as substitute jω. Complex
frequency s are defined in Equation 15.

𝑠 = 𝛼 + 𝑗𝜔
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( 15 )

However, a solid electrode in lithium-ion battery is not a pure capacitance but shows a
dispersion of capacitance in an electrolyte solution. This dispersion contains side
reactions of the electrode (e.g., formation of ESI or dead lithium) or mass transfer (e.g.,
active material loss from electrode surface). In this case, the double-layer capacitance of
a solid electrode is performed like a “leaking capacitor” with side reactions that provide
resistance to the impedance of the capacitor. Therefore, a CPE is used as an alternative.
The definition of CPE is shown in Equation 16.

𝑍𝐶𝑃𝐸 =

1

( 16 )

𝑇(𝑗𝜔)𝜙

Where T is the parameter related to the electrode capacitance (Ω-1 sϕ cm-2 or F sϕ-1 cm2).

ϕ is the constant phase exponent (0 < ϕ < 1) related to the deviation of the straight

capacitive line from 90° by an angle α = 90° (1 - ϕ). It becomes pure capacitance when ϕ
= 1.

Equation 16 can be converted to Equation 17 by Euler’s formula of Equation 7.

𝑍𝐶𝑃𝐸 =

1
𝑇(𝑗𝜔)𝜙

= [

𝑐𝑜𝑠(𝜙𝜋/2)
𝑇𝜔 𝜙

]− 𝑗[

𝑠𝑖𝑛(𝜙𝜋/2)
𝑇𝜔 𝜙

]

( 17 )

As a result, a real part of CPE appears in CPE, while a pure capacitance only has an
imaginary part. This real part of CPE represents the resistance generated by the side
reaction of a solid electrode in the solution. CPE is useful in the curve fitting of EIS data
of lithium-ion batteries. EIS data is hard to be fitted by the 5RC model but can be better
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fitted by the 3 RCPE models, as shown in Figure 7. To some degree, a CPE can be simply
regarded as an R and C in parallel [98], since it contains both real and imaginary parts.

Figure 7: Comparison of measured impedance spectrum (red) with different simulated
equivalent circuits (R, 1RC, 2RC, 3RC, 4RC, 5RC, 1PCPE, 2PCPE, 3PCPE) of this
investigation (blue), RC-EC’s: with marking, CPE EC’s: without marking. Represented
from reference [98] with permission. Copyright © 2016 The Authors. Published by WileyVCH Verlag GmbH & Co. KGaA.
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1.3.2. Electrospinning
Electrospinning is a simple and low-cost fiber fabrication method. Its mechanism is to use
electrical force to draw a thin fiber from a charged polymer droplet. The diameter size of
fiber produced by electrospinning is in a range of hundreds of nanometers to microns. e
size of the electrospun fiber is collected by several parameters, including the
concentration of polymer solution, the voltage of power supply, and the distance between
syringe tip and collector. The basic setup of electrospinning includes a syringe pump, a
high voltage power supply, and a sample collector. The high voltage power supply is
applied between the syringe tip and collector to generate a strong electric field. A droplet
of polymer melts or solution is extruded from the tip of the needle of a syringe with a
syringe pump. Then, this charged polymer droplet is stretched to a fiber in a strong electric
field. The polymer is charged due to its polar molecular structure. This kind of charge
polymer is also called polyelectrolyte (PE). Fibers are accumulated on the collector after
being stretched in the electric field. Electrospun fibers have high porosity with a high
surface area, which is beneficial to contact chemicals in chemical reactions. Therefore,
electrospun fibers are widely used in wound dressing material [99-101], tissue
engineering scaffolds [102-104], catalysis [105-108], sensors [109-112], energy storage
[113-115], ultrafiltration [116-120].
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CHAPTER 2: POLYMER DERIVED CERAMICS SYNTHESIS
A portion of this chapter is from the following publication. Zeyang Zhang, Jean E.
Calderon, Saisaban Fahad, Licheng Ju, Dennis-Xavier Antony, Yang Yang, Akihiro
Kushima, and Lei Zhai. "Polymer-Derived Ceramic Nanoparticle/ Edge-Functionalized
Graphene Oxide Composites for Lithium-Ion Storage." ACS Applied Materials &
Interfaces 13, 8 (February 17, 2021) 9794-9803

Polymer-derived ceramics (PDCs) are produced through the pyrolysis of polymer
precursors. Most of PDCs are Si-based ceramics. The common compositions of PDCs
include silicon carbide (SiC), silicon oxycarbide (SiCO), and silicon carbonitride (SiCN).
The composition and microstructure of PDCs are highly dependent on the preceramic
polymers. The preceramic organosilicon polymers are tailored for different compositions
of ceramics. For instance, SiCO can be produced by polysiloxane, a polymer containing
silicon and carbon atoms in its backbone. The main fabrication method of polymer-toceramic transformation is pyrolysis. During pyrolysis, hydrogen in the polymer is released,
and extra carbon remains to form the ceramic structure since the silicon-carbon bond
survives better than the carbon-hydrogen bond during pyrolysis. Therefore, the molecular
structure and crystalline structure are depended on the pyrolysis process. PDCs have
extraordinary behavior of corrosion resistance [121, 122] and thermal resistance [123,
124], which benefit their lithiation/delithiation processes in lithium-ion battery applications.
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2.1. Crosslinking and Pretreatment of Polymer Precursor
The size and shape of ceramic after pyrolysis can be controlled by that of the preceramic
polymer before pyrolysis. The polymer precursor is fabricated to a certain size and shape,
like a nanoparticle, in the pretreatment process before the polymer-to-ceramic
transformation. Crosslinking reactions fix the shape of the polymer to further control the
dimension of the ceramic.

2.1.1. Polymer Precursor Nanoparticles Synthesis by Oil-in-water Emulsion Method
Nanometer-sized crosslinking polymer precursor was synthesized to produce PDCs
nanoparticles. Emulsion polymerization was used for the crosslinking reaction. Typically,
emulsion polymerization is conducted in an oil-in-water system. Surfactant is added to
the system to assist the formation and stabilization of oil droplets in the continuous water
phase. Sodium dodecyl sulfate (SDS) can be used as a surfactant due to
its amphiphilic property. The molecular structure of SDS contains two parts. An alkyl
chain part with a 12-carbon chain that is soluble in the oil phase. The other part is the
sulfate group which is soluble in water. This amphiphilic property makes SDS a good
surfactant for water-oil emulsion systems. As the surfactant, SDS decreases the surface
energy of the interface of water and oil so that it is easy for the water and oil system to
generate more interface. For example, micelles are generated by simply shaking, stirring,
or homogenizing the water/oil system. The oil phase is divided into the dispersion phase
while the water phase is the continuous phase. Nevertheless, lots of bubbles will be
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generated by severely mixing. The reason for bubble generation is that the surfactant
activated not only the interface between water and oil but also the surface of liquid and
gas. It is the same mechanism as soap. Therefore, more surface of liquid and gas is
formed as well during mixing.

In this experiment, polymer precursor polysiloxane was the oil disperse phase. First, 1
wt% SDS aqueous solution was prepared by dissolving SDS powder in water. Second, a
specific amount of polysiloxane was added to the SDS solution. It was important to add
the oil phase to the water phase. Otherwise, the polysiloxane would easily attach to the
vial and be hard to mix with the water phase in the following steps. Third, the system was
severely mixed by a homogenizer. Then, the transparent water and oil system charged
into a milky white emulsion system, as shown in Figure 8a-b. Forth, the emulsion was
settled down overnight to eliminate the bubble foam on top of the solution. Lots of bubble
foam was formed during homogenizing because SDS activates the liquid/gas surface.
Two methods were used to get rid of the bubbles. One was simply settling the system
overnight. However, this method would introduce oxygen to polysiloxane by hydrolysis
reaction. The other one was to use a vacuum to eliminate the bubbles. Fifth, the emulsion
was stirred to become homogeneous again. Last but not least, the emulsion was freezedried to maintain the nanometer size from micelles. The homogeneous emulsion was
frozen by dry ice and dried for 48 hours at -40 °C with 20 µbar (Labconco freeze-drying
chamber). The polysiloxane after freeze-drying would undergo pyrolysis and convert to
PDC, which will be discussed in section 2.2.
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Figure 8: Nanometer-sized polysiloxane synthesis by emulsion method.

2.1.2. Photo Crosslinking of Polymer Precursor Nanoparticles by Oil-in-oil Emulsion
Method
Although emulsion polymerization is a very successful approach to producing
nanoparticles, it is very challenging to control the elemental composition of obtained
nanoparticles. Oligosilazane reacts with water through a hydrolysis reaction of the Si-N
bond. Oxygen will keep replacing nitrogen atoms when oligosilazane is exposed to water.
Therefore, common oil-in-water and water-in-oil emulsions are both not suitable to
produce nanoparticles from oligosilazane. In our study, the oil-in-oil emulsion system is
designed to prevent hydrolysis reactions. An inert solvent (Fluorinert FC-70) that is
immiscible with oligosilazane was used as a continuous phase in the emulsion. The
crosslinking was initiated by the generation of free radicals from a photo-initiator,
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Irgacure-819, upon exposure to UV light. These radicals initiate crosslinking reaction of
vinyl groups of oligosilazane to form a polysilazane network, as shown in Figure 9.

Figure 9: Scheme of photo-initiated crosslinking reaction of oligosilazane (VL20). Free
radicals are generated by the photo-initiator, Irgacure-819. Vinyl groups of oligosilazane
randomly react with free radicals and from a crosslinking network. (n = 1-20)

In this oil-in-oil emulsion system, the polymer precursor was immiscible with the organic
continuous phase. An emulsion was generated with an appropriate surfactant, which has
the amphiphilic property to partially dissolve in both the preceramic polymer dispersion
phase and the organic continues phase. The photo-initiating crosslinking reaction was
carried out in the emulsion system to fix the size and shape of the polymer nanoparticles
in the emulsion. The photo-initiator was added in the precursor polymer phase. UV light
initiates the crosslinking reaction after the emulsion is formed. Then, the polymer
nanoparticles were obtained by solvent exchange and drying since the Fluorinert FC-70
is not suitable for freeze-drying like water.

In this experiment, oligosilazane VL20 was used as the ceramic precursor to prepare
polymer-derived SiCNO ceramic nanoparticles, as shown in Figure 9. 1.0 g of
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oligosilazane VL20 with 6 mg UV photo-initiator Irgacure-819 and 2.5 mg octylamine as
a surfactant was added to 9.0 g of Fluorinert FC-70. The mixture was homogenized to
form an emulsion. The photo-crosslinking reaction of polysilazane nanoparticles was
initiated by exposing the emulsion to UV radiation (Loctite 7411 UV flood system) for 30
minutes. Then, the polysilazane nanoparticles in Fluorinert FC-70 were extracted by 10
mL acetone. The acetone was replaced with t-butanol by solvent exchange. Polysilazane
nanoparticles gel in t-butanol was frozen and lyophilized at 20 µbar and -52 °C (Labconco
freeze-drying chamber). Polysilazane nanoparticles were collected and hand-milled to
fine powders, with a yield of 86%. The polysilazane particles were pyrolyzed at 1000 °C
for 2 hours in an argon atmosphere. More details about pyrolysis are mentioned in section
2.2. Finally, fine black powder of SiCNO ceramic nanoparticles was obtained.

2.1.3. Thermal Crosslinking of PDC Cylindrical Sample
Large-sized cylindrical PDC sample was produced by using a cylindrical glass vial as a
mold. Expansion glass Shell vials (Fisherbrand, 2 dr. in volume, 19 mm in outer diameter,
51 mm in height) were selected as the mold of PDC. This expansion design benefitted
from taking the PDC sample out after crosslinking reaction. However, the crosslinking
polymer was still hard to take out from the glass vial because of the strong adhesion
between the polymer and the glass vial. Therefore, fluorosilane was coated on the wall of
the vial in pretreatment to generate a non-stick surface on the glass vial. The glass vials
were immersed in 1% of flurosilane in ethanol for 1 hour. Then the non-sticky surfaces
were generated by 100°C heating of the coated vial overnight.
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Figure 10: Optical image of crosslinking polymer sample and PDC sample. (a) The glass
vial of crosslinking polymer sample is cut by a slow-speed diamond saw, (b) the glass vial
adheres to the sample and hard to be taken out without flurosilane coating, both glass
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vial and crosslinking polymer sample can be broken by force breaking the glass vial, (c)
cylindrical large-sized crosslinking VL20 sample, and (d) PDC sample.

Polymer precursor, VL 20, was added to the coated glass vial. The crosslinking reaction
of VL20 was carried out at 160 °C overnight in an oven. The glass vial was broken to take
the crosslinked polymer sample out. Plastic vials could be easily cut by the blade to take
out the polymer sample. However, plastic vials would melt and get deformation in a 160
°C oven. Therefore, glass vials were necessary to be the mold for polymer crosslinking
reaction. The crosslinked polymer was hard and brittle. Simply using a hammer to break
the vial would easily generate creaks on the sample, as shown in Figure 10b. Those
creaks would lead to the breaking of the sample in the following pyrolysis process.

Figure 10a shows the cutting of a glass vial by a slow-speed diamond saw. First, the top
part of the glass vial was cut since the polymer sample was at the bottom of the vial.
Then, the glass vial was cut from the bottom to the two sides of the vial to get the vial into
two pieces. Last, the glass vial was striped and spat to obtain an intact crosslinking
polymer sample out, as shown in Figure 10c. Figure 10d shows the PDC sample
produced by pyrolysis of the crosslinking sample up to 1000 °C.

2.2. Polymer-to-ceramic Transformation
Polymer-to-ceramic transformation is a process of decomposition of the preceramic
polymer. The Si-based preceramic polymer is decomposed into ceramics with SiC, SiCO,
or SiCN structure. In this process, the organic groups of the polymer, such as vinyl,
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methyl, phenyl, and Si-H, are eliminated as decomposition gas. Meanwhile, silicon,
carbon, and other heteroatom (e.g., oxygen and nitrogen) atoms in the backbone of
preceramic polymer remain from the ceramic structure. Pyrolysis is a common thermal
decomposition process of polymer-to-ceramics transformation. It was carried out in a tube
furnace. The polymer precursor sample in a quartz boat was placed in a quartz tube. The
quartz tube was inflated with inert gas, like argon. Nitrogen gas was not used because
preceramic polymers can react with nitrogen gas at high temperatures. [125] Before
pyrolysis, the inert gas was inflated to remove air in the tube. During pyrolysis, the inert
gas flouts helped to continuously carry decomposition gases out of the system. A furnace
was used for heating the tube to 1000 °C.

Temperature control of pyrolysis is critical to the outcome of the pyrolysis process. The
temperature of the furnace was controlled by software to increase the temperature at a
constant heating rate. The heating rate is important for obtaining an intact large size PDC
sample. A relatively low heating rate benefits avoiding damage to the sample during
pyrolysis. A lot of small molecules are generated in the gas phase to leave the system
during the polymer-to-ceramic transformation. A rapid gas generation is easy to create
creaks in the sample, as shown in Figure 10d. PDCs are hard but brittle materials. It is
also easy to produce a creak in its micron structure by the accumulation of decomposition
gas inside ceramics. This creak will dramatically affect the mechanical properties of
ceramics. Therefore, a mild heating process is critical for the elevation of creak formation.
A slow heating rate of 0.5 – 2 °C / minute was used to avoid the mass generation of
decomposition gases. The temperature was halted at 250 °C, 400 °C, 600 °C, and 1000
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°C to help release small molecules formed at different pyrolysis statuses. The
temperature was maintained for 1 hour at 250 °C for the early stage of polymer
crosslinking. Then, the system was maintained for 1 hour at 400 °C for further stages of
polymer crosslinking. Moreover, the system was maintained for 2 hours at 600 °C for the
beginning of ceramic formation. Finally, the system was maintained for 2 hours at 1000
°C to complete the ceramic conversion.

Figure 11: A typical temperature program of pyrolysis. The program started at room
temperature at ~20 °C. The system was heated to 1000 °C with a heating rate of 2
°C/minute, during which the heating process was halted at 250 °C for 1 hour, 400 °C for
1 hour, 600 °C for 2 hours, and 1000 °C for 2 hours. Then, the temperature of the system
decreased to 200 °C with a cooling rate of 5 °C/minute.
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A cool-down process was followed by a heating process before transferring the PDC
sample out of the tube furnace. Creaks would also form with a rapid cooling down
process, which was similar to that in glass fabrication. A 2 – 5 °C / minute mild cooldown
rate was applied from 1000 °C to 200 °C to minimize the creak formation. The system
cooled down to room temperature naturally. Figure 11 shows a typical temperature
program for the tube furnace used in PDC pyrolysis.

FT-IR spectrum of polysilazane precursor and SiCNO ceramic nanoparticles was
performed using a Shimadzu IRSpirit with QATR-S. The morphology of SiCNO ceramic
nanoparticles was investigated by a High-Resolution Transmission Electron Microscope
(HRTEM, FEI Tecnai F30). The morphology of ceramic / EFGO composites was
examined with a scanning electron microscope (SEM, ZEISS Ultra 55). X-ray diffraction
(XRD) spectra were recorded by a PANalytical Empyrean X-ray diffractometer. The
surface chemical states of the elements in the ceramic composites were measured by Xray photoelectron spectroscopy (XPS, PHI 5400).
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Figure 12: FTIR spectra of VL20 oligosilazane, polysilazane nanoparticles aerogel, and
SiCNO ceramic nanoparticles.

Figure 12 shows FTIR spectra of oligosilazane (VL20), crosslinked polysilazane, and
ceramic nanoparticles. In the FTIR spectrum of VL20, the bands related to Si-NH-Si
include N-H stretching at 3370 cm-1 and deformation vibration at 1171 cm-1. A stretching
vibration for Si-N stretching vibration appears at 859 cm-1. The bands ascribed to vinyl
groups (Si-CH=CH2) are C=C stretching vibration at 1582 cm-1 and C-H stretching
vibrations at 3034 cm-1. A strong absorption band assigned to Si-H vibration appears at
2104 cm-1. Characteristics band of Si-CH3 groups locates at 1250 cm-1, coupled with CH stretching and methyl (CH3) group deformation vibrations at 2950 cm -1 and 1398 cm-1,
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respectively. The FTIR spectrum of crosslinked polysilazane shows the reduced intensity
of the band assigned to vinyl groups C=C stretching vibration at 1582 cm -1 and C-H
stretching vibrations at 3034 cm-1, confirming the crosslinking of vinyl groups. [126] The
Si-N bond (~893 cm-1) in oligosilazane disappears after crosslinking reaction probably
due to the hydrolysis of the Si-N bond by the moisture in acetone and t-butanol during the
extraction and solvent exchange where nitrogen loss was in a form of NH 3 during
crosslinking reaction and hydrolysis in the presence of moisture. [127] The decreasing SiH peak (~2152 cm-1) is observed due to the dehydrogenation reaction between Si-H and
N-H groups [128, 129], or hydrosilylation reaction between Si-H and C=C groups [130,
131] during the crosslinking reaction of oligosilazane.

The crosslinked polysilazane was extracted by a solvent exchange followed by freezedrying. SiCNO ceramic nanoparticles were fabricated by pyrolysis of polysilazane
nanoparticles at 1000 °C. The FTIR spectrum of ceramic nanoparticles confirmed the
polymer-to-ceramic transformation. C-Si and Si-O bonds survived better than the C-H
bond during pyrolysis at 1000°C in argon. The peaks assigned to -Si-CH3 (~1269 cm-1)
and -CH2- (~2968 cm-1) groups in polysilazane vanish while the peaks assigned to Si-O
(~1004 cm-1), -Si-C- (~759 cm-1) bond appear after the pyrolysis. [132, 133]

The HRTEM image of SiCNO ceramic nanoparticles (Figure 13a) showed that the
nanoparticles had an average particle size of 9.43 nm and a standard deviation of 3.23
nm (Figure 13b). These particles were much smaller than previously reported micron-size
particles produced by the traditional ball milling method. [134, 135] In addition, SiCNO
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ceramic nanoparticles were further mixed with EFGO as a composite of active material
for lithium-ion storage application. The SEM image shows the morphology of SiCNO
ceramic nanoparticles/EFGO composite (Figure 13c). Moreover, crystal lattice structures
of graphitic carbon, Si3N4, and SiO2 were observed in SiCNO ceramic nanoparticles. The
graphitic free carbon domains were generated from the carbon backbones of crosslinked
polysilazane at the pyrolysis of 1000 °C. [136] The Si3N4 and SiO2 domains resulted from
the cyclic structure of VL20 with Si, O, and N. This observation is consistent with the
reported nano-domain structural model of amorphous/turbostratic carbon and Si 3N4
domains. [137] The scanning TEM (STEM) and corresponding energy-dispersive X-ray
spectroscopy (EDS) mapping show the distribution of C, Si, and O in SiCNO
nanoparticles (Figure 13d-g). The locations of Si and O are identical but different from the
location of C, indicating the separation of SiO2 and free carbon domains. SiCNO
nanoparticles had a low signal in C mapping because a lacy carbon film on the TEM grid
that showed a strong carbon signal. The N mapping was difficult to obtain due to the low
nitrogen content in the nanoparticle (~1.16% according to XPS data).
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Figure 13: (a) HRTEM image of SiCNO ceramic nanoparticles on carbon support film
TEM grids, (b) The size distribution of SiCNO ceramic nanoparticles, (c) SEM image of
SiCNO ceramic nanoparticles/EFGO composite, (d) STEM and corresponding EDS
mapping of (e) Si, (f) C and (g) O in SiCNO nanoparticle.

XRD pattern in Figure 14 indicates the amorphous nature of SiCNO ceramic
nanoparticles at the pyrolysis temperature of 1000 °C. This observation agrees with the
reports that the ceramics produced from VL20 crystallized at 1550 °C. [134]
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Figure 14: X-ray diffraction pattern of (a) SiCNO ceramic nanoparticles and (b) EFGO.

X-ray photoelectron spectroscopy (XPS) was performed to measure the surface
elemental composition of polysilazane nanoparticles and SiCNO ceramic nanoparticles.
Figure 15e reports the XPS survey scans of polysilazane and SiCNO ceramic
nanoparticles. Characteristic Si 2p, O 1s, C 1s, and N 1s peaks are detected in the
spectra. All those peaks were calibrated by a C-C bond at 284.8 eV. The surface
elemental composition from XPS is reported in Table 1. The low nitrogen content in both
polysilazane nanoparticles and SiCNO nanoparticles was due to the hydrolysis of the SiN bond by the moisture in acetone and t-butanol during the extraction and solvent
exchange. This result was also confirmed by the FTIR spectra in Figure 12. Oxygen atoms
were introduced to the polymer in the process of acetone extraction and t-butanol solvent
exchange. The formation of free carbons was confirmed by both XPS and HRTEM. The
comparison of XPS spectra of polysilazane nanoparticles and SiCNO nanoparticles
confirms the polymer-to-ceramic conversion. The molecular formula of SiCNO
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nanoparticles was Si C0.240 N0.054 O1.440 + 1.438Cfree with 23.96 wt% of free carbon. The
detailed calculation process is demonstrated in supporting information.

Table 1: Chemical analysis of polysilazane nanoparticles and SiCNO ceramic
nanoparticles by XPS.
Element atomic %

Free
carbon

Material

Molecular formula
C

Si

O

content

N

(wt%)
Si C1.28 N0.068
—

Polysilazane 34.70% 27.07% 35.88% 2.36%
O1.325Hn

SiCNO NPs

Si C0.240 N0.054 O1.440

23.96

+ 1.438Cfree

wt%

36.21% 21.57% 31.06% 1.16%

Figure 15 shows the XPS spectra of polysilazane nanoparticles and SiCNO ceramic
nanoparticles. The XPS peak in the silicon region shifted to a lower energy region when
polysilazane was pyrolyzed at 1000 °C. Silicon band (Si 2p) was fitted into 2 peaks at
101.6 eV and 103.6 eV corresponding to Si-C and Si-O, respectively (Figure 15a). [138140] The breakage of the Si-O bond during the pyrolysis decreased the valance of silicon
elements in the composites and led to the shift of the silicon XPS peak to the lower energy
region. The cleavage of Si-O bonds was also confirmed by the O 1s peak. Oxygen band
(O 1s) shows peaks at 531.2 eV and 531.6 eV corresponding to Si-O (a-Si atom bonding
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to 1 oxygen atom) and SiO2 (a-Si atom bonding to 4 oxygen atoms), respectively, as
shown in Figure 15b. The reduction of the SiO2 phase indicated the breakage of the S-O
band during the pyrolysis.

Detailed calculation of free carbon content of SiCNO nanoparticles is demonstrated as
followed. As shown in the results of XPS, SiCNO nanoparticles contained 36.21% of
carbon, 21.57% of silicon, 31.06% oxygen, and 1.16% nitrogen in element atomic
percentage.

Therefore,

the

molecular

Si0.2157C0.3621N0.0116O0.3106,

formula

which

of

can

SiCNO
be

nanoparticles
simplified

is
as

SiC1.679N0.05378O1.440. In the same way, the molecular formula of polysilazane is
SiC1.28N0.068O1.325. The hydrogen element cannot be detected by XPS, so the
molecular formula of polysilazane written as SiC1.28N0.068O1.325Hn

After pyrolysis of 1000 °C, several nanodomains are formed in SiCNO nanoparticles,
including SiC, SiO2, Si3N4, and free carbon domains. Except for the free carbon domain,
the oxidation number of silicon, carbon, oxygen, and nitrogen are +4, -4, -2, and -3,
respectively. Therefore, the molecular formula of SiCNO nanoparticles can be written as
SiC1-0.75x-0.5yNxOy + zCfree. As a result, the molecular formula of SiCNO nanoparticles
is SiC0.240N0.054O1.440 + 1.438Cfree with 23.96 wt% of free carbon. The calculation
of free carbon is displayed in Equation 18.

12.011𝑔
𝑚𝑜𝑙

1.438∗

28.085𝑔
12.011𝑔
14.007𝑔
15.999𝑔
+1.679∗
+0.05378 ∗
+1.440∗
𝑚𝑜𝑙
𝑚𝑜𝑙
𝑚𝑜𝑙
𝑚𝑜𝑙

1∗
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= 23.96%

( 18 )

Figure 15: XPS spectra of polysilazane nanoparticles and SiCNO ceramic nanoparticles
in high-resolution XPS spectrum of SiCNO nanoparticles of (a) Si 2p, (b) O 1s, and (c) C
1s, (d) N 1s, and (e) survey scans.

Deconvoluted XPS spectrum of carbon (C 1s) shows peaks at 283.5 eV, 284.3 eV, 284.8
eV, and 287.5 eV, representing C-Si, C=C, C-C, and C-O phases (Figure 15c). [140-142]
Si-base domains and free carbon (disordered carbon) domains formed in the polymer-toceramic transformation process. Only two kinds of carbon bonds, carbon-silicon bond and
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carbon-carbon bond (C-C and C=C), existed in the ceramic. Carbon-silicon bonds are
presented in Si-based domains, while carbon-carbon bonds are presented in free carbon
domains. The carbon-carbon bonds shown in XPS of SiCNO ceramic nanoparticles
(Figure 15b) proved the formation of free carbon domains. C-C phase in polysilazane was
from the alkyl chains of crosslinking VL20, which remained after pyrolysis and formed a
free carbon domain. C=C phase was consumed during pyrolysis. Therefore, the free
carbon domain of SiCNO contained only sp3 carbon when pyrolyzed at 1000 °C. [143]
The C-Si peak increased after pyrolysis, which indicated that carbon reacted with Si and
formed more C-Si phase at 1000 °C. This result was also confirmed by Si 2p band (Figure
15a) in which the Si-C peak increased after pyrolysis. C-C bonds remained after pyrolysis
and formed a free carbon domain in SiCNO ceramic nanoparticles. In addition, a peak at
396.82 eV is observed in the N 1s band corresponding to the Si-N phase (Figure 15d).
The nitrogen atoms only bond to silicon atoms before and after pyrolysis.
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2.3. PDC Composite Fabrication

2.3.1. PDC/Graphene Aerogel Composite

Materials with both good corrosion resistance and good electrical conductivity are
demanded in different areas, including energy storage [144], high-temperature sensors
[145], and Micro-Electromechanical systems (MES) [146]. PDCs have excellent corrosion
resistance and thermal resistance but poor electrical conductivity [147]. Therefore, a
composite of PDC and graphene aerogel is studied in this section. This composite
contains graphene aerogel as a conductive network inside PDC. Meanwhile, the PDC
provides good corrosion resistance and mechanical properties. As a result, the
introduction of graphene aerogel to PDC improved its electrical properties and gain its
potential to be used in more applications areas.

The fabrication of PDC/graphene aerogel composite started from the synthesis of
graphene oxide. The graphene oxide further formed graphene aerogel by freeze-drying
and reduction reactions. Polymer precursor was backfilled in the porous structure of
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graphene aerogel with the assistance of a vacuum environment. The finial PDC/graphene
aerogel composite was obtained by crosslinking and pyrolysis of the polymer in aerogel.

2.3.1.1. Graphene Oxide Synthesis

Graphene oxide (GO) was synthesized by modified Hummers’ method [148, 149], as
shown in Figure 16. In brief, a 2 g graphite flake was mixed with 50 mL concentrated
H2SO4 in an ice bath. 8 g KMnO4 was slowly added to the mixture. Meanwhile, the
temperature of the mixture was kept below 10 °C. Then, the mixture was stirred in an ice
bath below 5 °C for 1 hour. The oxidation reaction was speeded up by heating the mixture
to 35 °C for 30 minutes. The exfoliation of oxidized graphite was carried out by the addition
of 500 mL of deionized water to the system followed by 60 °C heating for 30 minutes
[150]. H2O2 was added to remove access KMnO4. The product was washed with 2 M HCl
3 times and deionized water 3 times. The graphene oxide was obtained by lyophilizing
from a Labconco freeze-drying chamber at 0.040 bar and -40 °C for 72 hours. Reduced
graphene oxide (rGO) was obtained by thermal reduction of obtained GO, in which the
GO was heated to 1000 °C in a pure argon atmosphere for 2 hours. [151, 152] The argon
flow rate was kept at 30 SCCM.
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Figure 16: Graphene oxide synthesis (a) mixture of graphite, concentrated H2SO4, and
KMnO4 at 35 °C, (b) exfoliation of oxidized graphite by adding DI water into the mixture,
then the reaction is heated to 60 °C, (c) H2O2 is added to remove access MnO4-, (d) 2 M
HCl (6 wt%) wash 3 times to remove MnO2 and SO4-, ID water washes 3 times to adjust
pH to neutral, (e) freeze-drying of 72 hours.

2.3.1.2. GO Aerogel Fabrication

GO aqueous dispersion was prepared for GO storage and usage. On one hand, GO
powder is easily reduced or decomposed when exposed to air or light. Water solvent in
dispersion prevents GO explosion of air, which helps to keep GO stable. On the other
hand, GO powder is hard to handle. GO is too light due to its low density. It can easily fly
everywhere when dealing with it, like measuring its weight of it with a scale. GO sheets

52

are also easy to get charged and attached to glassware surfaces because of electric
statics interaction. However, GO aqueous dispersion is easy to use. The amount of GO
in the dispersion can be calculated with its concentration and volume of dispersion.

GO were dispersed in water with a range of concentrations from 0.5 to 20 mg/mL.
Otherwise, the viscosity of GO solution would be too high to deal with droppers when the
concentration is over 20 mg/mL. The preparation procedure for GO dispersion is as
follows. First, GO and water was mixed by shaking and vortex mixer. Small pieces of GO
flakes were hard to disperse at the beginning. Then, the mixture was sonicated by bath
sonication or horn sonication for 20 minutes. GO sheets would be separated by sonication.
The vortex and sonication processes were repeated another 2 times followed by stirring
overnight. Then, the watery mixture of water and GO became a thick dispersion with
relatively large viscosity, indicating a good dispersion of GO sheets in water.

GO aerogel was fabricated by freeze-drying of GO aqueous dispersion. The mechanism
of freeze-drying is illustrated by a phase diagram in Figure 17. A conventional drying
process starts from point A and goes directly to point E in the phase diagram. However,
the drying process from liquid directly to gas may damage the sample structure in some
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cases. For example, the amount of water decreases during drying so that the liquid
surface tension may break the porous structure of aerogel. Therefore, a freeze-drying
process is used to protect the microstructure of the sample. A freeze-drying process
avoids the cross of normal boiling point and triple point in the phase diagram. First, the
liquid is frozen to become solid, from A to B. Second, the air pressure of the solid
decreases from B to C. Third, if the air pressure decreases to D, the solid will directly
sublime to the gas phase. Such as low pressure as point D needs too high a requirement
of the instrument. The sublimation can also be achieved by simply increasing the
temperature from to E. A common lyophilizer is designed to absorb heat from the
surroundings for the sublimation process.
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Figure 17: Phase diagram to illustrate the mechanism of freeze-drying. Represented from
reference [153] with permission. Copyright © 2015, Springer Science Business Media
New York.

The freeze-drying technique contains 2 steps, a freezing step, and a drying step. In the
freezing step, the stock GO dispersion is diluted to a specific concentration according to
the expected aerogel density. Aerogel with a disordered porous structure is formed in the
freezer method. The microstructure of aerogel highly depends on the structure of ice
crystal formation. In the dispersion, GO sheets are suspended in the water solvent. Water
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starts to be frozen and ice crystal starts to grow at the beginning of the freezing process.
GO sheets are pushed and collapsed between the ice crystal. Ice crystals usually grow
cylindrical. As the growth of ice crystals, GO sheets are pushed from tube-size porous
structures along with the ice crystal. Therefore, the aerogel structure is formed in the
freezing step and the aerogel structure high depends on the way of ice crystal growth.

3 kinds of freezing methods from slow freezing speed to fast can be used, including the
freezer method, liquid nitrogen method, and dry ice method. In the first method, the frozen
GO dispersion by a freezer takes a relatively long time, like 6 to 24 hours. The sample is
usually put in the freezer overnight to obtain a completely frozen sample. The frozen GO
dispersion is slower than that of water because the addition of solutes, especially melt
salts, decreases the freezing point of the dispersion. The disordered ice crystal structure
is formed during freezer freezing. Then, aerogel with a disordered with poor machinal and
electrical properties will be formed after drying.

In the second method, the frozen GO dispersion by liquid nitrogen takes an extremely
short time, in which GO is frozen in ice without enough time for orientation. Therefore, the
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aerogel obtained is fragile due to the lack of self-assembly of GO sheets and a weak
connection between the GO or rGO sheets.

In the third method, dry ice freezing provides an appropriate rate to form a GO network in
an ice crystal. GO sheets form a network porous structure with enough time for selfassembly. In addition, the ordered network structure is further controlled by freezing
direction. Try ice can be placed below the sample in a vial so that the frozen direction is
from the bottom to the top of the dispersion. A piece of metal sheet is placed above the
try ice and below the samples to provide a plane for the samples to stand. Without the
metal sheet, try ice below the sample will melt faster so that the sample vial will sink into
the try ice. In this way, try ice will absorb heat from the sidewall of the sample vial and the
freezing direction of the whole sample is not identical. The metal sheet is helpful to
maintain the freezing direction during the entire freezing step.

Aerogel Fabrication in this experiment used the dry ice freezing method. The frozen
sample is then dried in a Labconco freeze-drying chamber at 0.040 mbar and -40 °C for
48 hours to 72 hours. Figure 18 shows the image of graphene oxide aerogel after freezedrying with the dry ice method.
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Figure 18: Image of graphene oxide aerogel after freeze-drying by dry ice method.

2.3.1.3. Polymer Precursor Refill and Crosslinking

The mixing of graphene aerogel and PDC in composite was achieved by backfilling of
preceramic polymer in the porous structure of GO aerogel followed by pyrolysis. Before
backfilling, the polymer was degassed to remove any gas or small molecules in the
polymer liquid. In this experiment, the polymer liquid (SILRES H62C) was added to an
expansion glass vial and degassed in a vacuum overnight. The degassing process was
necessary. Otherwise, too many gas bubbles would be generated in the following
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backfilling step and break the aerogel structure or force the aerogel to deform, as shown
in Figure 19. After degassing of polymer liquid, aerogel was added to the system. In the
beginning, the aerogel was on the top of polymer liquid. A vacuum environment was
created to assist the immersing of the aerogel in polymer liquid in an oven. In low
pressure, the air or gas in the porous structure aerogel came out as bubbles. When the
pressure was recovered, the polymer liquid was backfilled in the aerogel. The pressure
of the oven was gradually decreased to control the amount and size of the bubble coming
out of the aerogel. When a bubble was formed, the air pressure was fixed by turning off
the vacuum knob of the oven. The pressure was kept constant for 5 hours to let bubbles
slowly release. Then, the pressure was gently decreased again. This process was
repeated more than 5 times until the pressure is decreased to vacuum. Then, the sample
was kept in a vacuum overnight to make sure all the gas in the aerogel was extracted. As
a result, the polymer was backfilled in the aerogel.
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Figure 19: Failure example for polymer refilling without degassing of polymer precursor.
Too many gas bubbles were generated and break the structure of aerogel. The sample
on the right lost its aerogel structure. The GO aerogel structure broke and GO dispersed
in polymer liquid. The sample on the right got deformation. Bubbles were generated and
pressed the aerogel into smaller size against the glass vial wall.

The polymer was thermally crosslinked in aerogel at 160 °C overnight. The pressure was
raised back to 1 amorphous during the crosslinking reaction. Figure 20 shows the image
of the composite after the thermal crosslinking reaction. Then, the composite went
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through polymer-to-ceramic transformation by pyrolysis as mentioned above in Section
2.2.

Figure 20: Image of polysiloxane/ graphene aerogel composite after the thermal
crosslinking reaction. The graphene aerogel is in crosslinking polysiloxane. The top view
is on the left, and the side view is on the right.
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2.3.2. PDC/Graphene Aerogel/Metal Nanoparticles Composite

2.3.2.1. Metal Nanoparticles Loading of Graphene Aerogel by Reduction of Metal Salt

Metal nanoparticles were loaded in graphene aerogel by adding metal salt in the
graphene oxide dispersion during aerogel fabrication. However, metal cations have
strong interaction with negatively charged graphene oxide. The carboxyl groups on the
graphene oxide show negative charges in the dispersion which have strong electric static
interaction with the positive charges on metal ions. Each metal ion would react with
multiple graphene oxide sheets. These graphene oxide sheets collapse and lose the
porous structure of aerogel. Therefore, the positive charge needs to be screened and
weakened to maintain the aerogel structure.

Organic legend EDTA was used to screen the positive charge of metal ions. First, metal
salt solution was prepared by dissolving metal salts power (e.g., MnCl2, PdCl2, FeCl3) in
concentrated HCl and then diluted to 0.1 M. Acid was present to avoid hydrolysis of the
metal salts. Second, EDTA · 2Na power was added to the salt solution. The concentration
of EDTA · 2Na was 0.1 M (~32.5 g/L), while the solubility of EDTA in water is 0.5 g/L. As
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a result, EDTA · 2Na was used instead whose solubility is 111 g/L. Third, NH3 · H2O was
added to adjust pH to 7. EDTA dissolved in the solution at pH=7. Forth, salt solutions (0.1
M, 15-20 mg/mL) were mixed with GO solution (20 mg/mL) with 1:1 (v/v) ratio followed by
stirring overnight. The mixture of GO and metal salt was freeze-dried in Labconco freezedrying chamber at 0.040 mbar and -40 °C for 48 hours. As a result, graphene aerogel
loaded with metal salt was obtained as shown in Figure 21.

The different reduction process was carried out for the transformation of the GO aerogel
to rGO aerogel, including hydrazine vapor reduction, hydrogen reduction, and thermal
reduction. The reduced graphene aerogel/metal nanoparticle composites after reduction
were shown in the bottom image of Figure 21. The GO with yellowish-brown color was
converted to rGO with black color which was close to the color of graphite. Finally, the
PDC/graphene aerogel/metal nanoparticles composite was obtained by polymer
backfilling and pyrolysis as described previously.
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Figure 21: The image on the top shows graphene aerogel loaded with a metal salt. The
salts used in the aerogel from left to right are CuCl2, SnCl2, PdCl2, MnCl2, AgNO3, YtCl3,
NiCl2. The image on the bottom shows corresponding reduced graphene aerogel/metal
nanoparticle composite after reduction.
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2.3.2.2. Hydrazine Vaper Reduction

Hydrazine vapor reduction was processed in a fume hood with a Schlenk line. Schlenk
line is a chemistry glass apparatus to purge gas or generate a vacuum in chemical
reactors. Nitrogen gas was purged into the hydrazine liquid and carried hydrazine vaper
to the graphene oxide/ metal salt aerogel. The reduction reaction was carried out at 80
°C for half an hour. Aerogel was placed in a glass vacuum filtration Erlenmeyer flask to
contact the hydrazine vapor flow. The container with aerogel was placed above the 80 °C
oil bath with only the bottom of the container touching the surface of the hot oil. The
purpose of this step is to gently heat the container to avoid leaking hydrazine since
hydrazine is toxic and flammable. Aggressive heating would rapidly change gas pressure
inside the container, especially with an airflow, leading to gas leaking from the
connections or opening of the rubber seals. The waste gas was filled with water in a
beaker to absorb excess hydrazine since hydrazine is soluble in water.

After hydrazine vapor reduction, the glass vial was easier to detach and separate with
aerogel. There are two reasons for this phenomenon. One is that the aerogel shrank
during the reaction and detached from the glass vial. The other is that the network
65

connection of aerogel became stronger after it was reduced so that the whole sample
was easy to be separated from the vial.

2.3.2.3. Hydrogen Reduction

Aerogel was further reduced by hydrogen reaction method with forming gas, 5% hydrogen
in argon, in a tube furnace. The aerogel sample was placed on a quartz boat in a quartz
tube and the middle of the furnace. The air in the tube was removed by a vacuum pump
to decrease the air pressure to 20 more. This process took about 30 minutes. All the joints
and connections were perfectly sealed to reach such a low pressure. Then, argon was
slowly purged in the tube to generate a stable airflow of 30 SCCM. After argon flow was
stable, hydrogen was also purged in the tube. The amount of hydrogen was set to 5% of
total gas in volume by a multi-flow meter. The system was heated to 400 °C for 2 hours
with a heating speed of 2 °C/minute to conduct a hydrogen reduction reaction.

2.3.2.4. Thermal Reduction

The aerogel was also reduced by thermal reduction to 1000°C in a tube furnace. The tube
was purged with argon for 1 hour before heating. The heating speed is set to 2 °C/minute.
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The temperature is held at 250 °C, 400 °C, and 600 °C for 1 hour each to help release
any small molecule generated.
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CHAPTER 3: PDC NANOPARTICLE/ EDGE FUNCTIONALIZED
GRAPHENE OXIDE COMPOSITES FOR LITHIUM-ION STORAGE
Zeyang Zhang, Jean E. Calderon, Saisaban Fahad, Licheng Ju, Dennis-Xavier Antony,
Yang Yang, Akihiro Kushima, and Lei Zhai. "Polymer-Derived Ceramic Nanoparticle/
Edge-Functionalized Graphene Oxide Composites for Lithium-Ion Storage." ACS Applied
Materials & Interfaces 13, 8 (February 17, 2021) 9794-9803

3.1. Introduction
High energy density and long-term cycling stability are critically important to lithium-ion
batteries (LIBs) to address the ever-growing market of electric vehicles and portable
digital hardware. [154] The performance of LIBs is highly dependent on the
electrochemical properties of electrode materials including the specific capacity and cyclic
stability. Current commercial graphite anode has a theoretic capacity of 372 mAh g–1 for
the end compound LiC6 [155], which is not efficient for electrical vehicles. New materials
with high specific capacity are required to replace graphite as anode materials to improve
the capacity of LIBs. A variety of Li-alloying materials, such as antimony (Sb) [156, 157],
aluminum (Al) [158], tin (Sn) [159], and silicon (Si) [160, 161] show higher Li-ion storage
capacity than graphite. In these Li-alloying materials, silicon delivers the largest specific
capacity up to 4200 mAh g-1 [160, 161], over 11 times higher than graphite. [162, 163]
However, the application of Si as an anode material is limited by its drastic volumetric
change (up to 400 %) associated with lithiation and delithiation which causes serious
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mechanical issues in practical application. [19, 161] Overcoming the challenge of using
Si as LIB anode materials require solving a dilemma that a capacity gain is often
associated with a volume change and the sacrifice of the structural stability of the
electrode material upon lithiation. Can a Si-C hybrid material that combines the structural
stability of carbon and high capacity from silicon be used to achieve high capacity and
mechanical stability?

Polymer-derived ceramics (PDCs) containing Si-C hybrid structures [164] such as SiCO
and SiCN have demonstrated great potential in providing high Li-ion capacity and
mechanical stability.[136, 165-179] Created by thermal decomposition of polymeric
precursors like polysiloxane and polysilazane, SiCO and SiCN PDCs have a large amount
of carbon incorporated with silicon resulting from the pyrolysis of highly crosslinked
silicon-based polymer precursors. Since the silicon-carbon bond survives better than the
carbon-hydrogen bond during pyrolysis, hydrogen is released in pyrolysis and extra
carbon is left in the ceramic. The covalent bonding and amorphous nature of these
ceramics endue excellent oxidation/corrosion resistance and thermomechanical
properties. [180, 181] Above all, SiCO and SiCN ceramics have demonstrated good
stability and large reversible capacity promising anode materials for LIBs. [167] Wilson
and coworkers first reported in 1994 that the reversible Li-ion insertion of amorphous
SiCO reached a specific capacity near 600 mAh g-1. [182] A SiCN/graphite composite
fabricated by the pyrolysis of a mixture of commercial graphite powder with crosslinked
polysilazane VL20 was reported to have a reversible capacity of 474 mAh g-1 and no
fading up to the 50th cycle. [134] It was also reported that the presence of oxygen in SiCN
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ceramics increased the reversible capacity and a high capacity of 600 mAh g-1 could be
obtained in SiCNO PDCs with nitrogen to oxygen (O/N) ratio above 1. [183] Recently, a
composite LIB anode of SiCO micro-particles and reduced graphene oxide had a charge
capacity of ∼588 mAh g-1 at 1,020th cycle without mechanical failure. [184]

At the same time, theoretical investigations have shed light on the mechanism of Li-ion
storage in SiCO and SiCN ceramics. A nanodomain model was proposed by Raj and
coworkers in 2006 to include the clusters of silica tetrahedra encased within an
interdomain wall constituted from mixed bonds of SiCO, and a network of sp2 carbon. The
model suggested that the mixed bond configuration (tetrahedrally coordinated silicon from
SiC4 via SiC3O, SiC2O2, and SiCO3 to SiO4) in SiCO ceramics acted as a major lithiation
site. [180] Zhao and coworkers simulated the lithiation of carbon-rich SiCO ceramics and
proposed a two-step lithiation mechanism: the absorption of Li-ions at the nanovoid sites,
followed by the chemical interactions of Li ions with the SiOxC4-x tetrahedral units and the
C phase. A large theoretical capacity of 1230 mAh g-1 was calculated by this mechanism
with the breaking of the Si-O bond and Li-alloying of Si atoms. A small volumetric
expansion of 22% was indicated after full lithiation due to the amorphous nature of SiCO.
[185] However, experimental visualization of Li-ion insertion of SiCO and SiCN ceramics
has not been reported.

Both experimental and theoretical studies of SiCO and SiCN as anode materials suggest
that their performance depends on the fact including the access of Si and nanovoids by
Li ions [186] and high electron conductivity and effective transport (i.e. short ion diffusion
70

path) of Li ions. [187] While existing micro-structured PDCs and composites with carbon
nanotubes (CNTs) and graphene have been investigated to improve the performance in
storing Li-ions, [134, 170, 175, 177] it is believed the nano-sized PDCs will greatly
facilitate the alloying of Li ions and the transport of ions and electrons because of large
specific surface area and short diffusion length. Herein, we report, for the first time, the
fabrication of SiCNO ceramic nanoparticles through a novel oil-in-oil emulsion
crosslinking of oligosilazane precursors followed by pyrolysis. The composition and
structure of SiCNO nanoparticles were investigated by Fourier transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), transmission electron
microscopy (TEM), and scanning electron microscopy (SEM). The composites of SiCNO
nanoparticles and edge functionalized graphene oxide (EFGO) at different ratios were
produced and their electrochemical performance as anode materials was studied.
Furthermore,

SiCNO

nanoparticles

enabled

an

in

situ

TEM

study

of

the

lithiation/delithiation behavior, crystal structure, and volume expansion of the particles to
understand the Li-ion storage mechanism of the composite.
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Figure 22: (a, b) TEM images of EFGO flakes, (c) The SAED pattern of EFGO flakes.
Four sets of six-fold SAED patterns regarding the (0110) lattice fringe of graphitic
structures are labeled in red, blue, green, and purple circles, and (d) The Raman spectrum
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of EFGO flakes. The position of the G peak, the D peak, and the 2D peak are at 1563.8
cm-1, 1343.9 cm-1, and 2693.6 cm-1, respectively. [188-190]

The EFGO used in this study is a commercially available multi-layered graphene oxide
produced through ball-milling with hydrogen peroxide. The edges of the GO flakes are
functionalized with hydroxyl and carboxylate groups and the oxygen content is reported
to be about 5 wt.%. The GO flakes have sizes below 1 m (Figure 22a) with the average
size of flakes used in this work being around 350 nm as measured from dynamic light
scattering (DLS). Figure 22b clearly shows the multi-layer structure of EFGO. Additionally,
four sets of six-fold SAED patterns circled in Figure 22c indicates the existence of the
stacked multi-layer graphitic structure in EFGO. The arcs in the SAED image
corresponding to a spacing of 2.10 nm and 1.23 nm are attributed to the (0110) and (1120)
lattice fringes of graphitic structures randomly oriented in EFGO flakes

3.2. Experimental Section

3.2.1. Materials
Oligosilazane CerasetTM VL20 was purchased from KiON Corporation (Charlotte, NC).
Fluorinert FC-70, octylamine, phenyl bis (2,4,6-trimethyl benzoyl) phosphine oxide
(Irgacure-819), N-methyl-2-pyrrolidone (NMP) anhydrous 99.5% were purchased from
Sigma-Aldrich. Acetone and t-butanol were purchased from Fisher Scientific. Edge
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functionalized graphene oxide (EFGO) was provided by Garmor Inc. All chemicals were
used as received without further purification.

3.2.2. Fabrication of SiCNO Ceramic Nanoparticles
VL20 was used as a ceramic precursor to prepare polymer-derived SiCNO ceramic
nanoparticles. 1.0 g of oligosilazane VL20 with 6 mg UV photo-initiator Irgacure-819 and
2.5 mg octylamine as a surfactant was added to 9.0 g of Fluorinert FC-70. The mixture
was homogenized to form an emulsion. The photo-crosslinking reaction of polysilazane
nanoparticles was initiated by exposing the emulsion to UV radiation (Loctite 7411 UV
flood system) for 30 minutes. Then, the polysilazane nanoparticles in Fluorinert FC-70
were extracted by 10 mL acetone. The acetone was replaced with t-butanol by solvent
exchange. Polysilazane nanoparticles gel in t-butanol was frozen and lyophilized at 20
µbar and -52 °C (Labconco freeze-drying chamber). Polysilazane nanoparticles were
collected and hand-milled to fine powders, with a yield of 86%. The polysilazane particles
were pyrolyzed at 1000 °C for 2 hours in an argon atmosphere. Finally, fine black powder
of SiCNO ceramic nanoparticles was obtained.

3.2.3. Preparation of Electrodes of SiCNO Ceramic Nanoparticles and EFGO
A slurry of active material is prepared to coat the charge collector. It contains active
material, a binder, a conductive filler, and a solvent. Active materials for anodes were
made by mixing a certain amount of SiCNO ceramic nanoparticles with EFGO.
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The charge collector of the anode is copper foil. A thick copper foil (0.005 inches in
thickness) is used for better conductivity, thin for less weight, and larger specific capacity.

Binder is included in the slurry to adhesive active material onto the charge collector.
However, binders are usually inductive polymers, like PVDF, and PAA. Therefore, the
fraction of the binder is critical. Decreasing the amount of binder will increase the
conductivity of the electrode and help to reduce the total weight of the electrode but
increase the risk of disconnection of active material and charge collector during cycling,
especially after long-term cycling. 5%-10% of binder in dry coating mixture is usually used
in previously reported research [169, 191]. In this work, 10% of binder is used in the
mixture of anode material.

SuperP carbon black is added as a conductive filler. The active material is a mixture of
EFGO and SiCNO NPs. The ratio of active material to the binder to carbon black is
80:10:10.

NMP is chosen as the solvent of slurry due to its poor volatility. An appropriate viscosity
of the slurry is needed for a uniform coating with good quality. The slurry is hard to spread
with a relatively high viscosity. On the contrary, the thickness of the active material layer
will be too thin with a relatively low viscosity due to the slurry being too watery during
coating. The viscosity of the slurry is highly dependent on its concentration. The solvent
with relatively good volatility will dramatically change the slurry concentration during the
preparation process, such as grinding. However, NMP is very sensitive to water. NMP is
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miscible with water, and it forms an island structure in water. All the active materials of
the electrode are dissolved in NMP. Therefore, the active material layer maintains the
island structure and cracks after the slurry is dried.

A mixture of 80 wt% active material, 10 wt% polyvinylidene fluoride (PVDF), and 10 wt%
carbon black SuperP were dissolved in NMP. The slurry was obtained by hand-grinded
for 1 hour. Then, it is coated on the rough side of copper foil as working electrodes by the
doctor blade method with a wet film applicator. Then the electrodes were dried in a
vacuum at 100 °C overnight. The loading density of SiCNO/EFGO electrodes was ~0.50
mg/cm2.

3.2.4. Structural Characterization
FT-IR spectrum of polysilazane precursor and SiCNO ceramic nanoparticles was
performed using a Shimadzu IRSpirit with QATR-S. The morphology of SiCNO ceramic
nanoparticles was investigated by a High-Resolution Transmission Electron Microscope
(HRTEM, FEI Tecnai F30). The morphology of ceramic / EFGO composites was
examined with a scanning electron microscope (SEM, ZEISS Ultra 55). X-ray diffraction
(XRD) spectra were recorded by a PANalytical Empyrean X-ray diffractometer. The
surface chemical states of the elements in the ceramic composites were measured by Xray photoelectron spectroscopy (XPS, PHI 5400).
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3.2.5. Half Cell Assembly and Electrochemical Studies
The SiCNO ceramic nanoparticle/EFGO working electrodes were assembled into 2032
type coin cells against Li metal chips (16 mm of diameter, 0.6 mm of thickness) as
negative counter electrodes in an argon-filled glove box. 1M LiPF6 in dimethyl carbonate:
ethylene carbonate (1:1 v/v) was used as the electrolyte. The electrodes were separated
by a Celgard 2400 separator (25 µm thick, 18mm diameter). The electrochemical
performance of the cells was tested with a constant current density at a cut-off potential
of 0.01–2.5 V at room temperature by LANHE instrument CT3001A 1U (Wuhan LAND
Electronic Co., Ltd., Wuhan, China). All the specific capacities are calculated based on
the mass of SiCNO ceramic nanoparticles and EFGO.

3.3. Result and Discussion
SiCNO ceramic nanoparticles were mixed with EFGO as an anode material for LIBs. The
morphology of SiCNO ceramic nanoparticles/EFGO composite was investigated by SEM
(Figure 13b). Nano-sized SiCNO ceramic nanoparticles were uniformly distributed on the
layer structure of EFGO. The size of particles in the composite was several tens
nanometers which was larger than the original SiCNO ceramic nanoparticles because the
nanoparticles aggregated in the composite. We believed that the aggregation of
nanoparticles did not affect ionic diffusion but affected electron transfer because the
aggregation reduced the contact area between the nanoparticles and conductive fillers.
The reduction of the conductivity was not observed when SiCNO nanoparticles were less
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than 40% of the active materials. However, the capacity of the electrode decreased
dramatically due to the loss of electrical conduction when SiCNO nanoparticles were
more than 50% in the active materials. This phenomenon was reported in a previous
publication that the loss of electrical conduction occurred when the conductive filler was
less than a certain amount.[184] Therefore, electrodes with less than 40% SiCNO
nanoparticles inactive material were used in electrochemical tests.

Figure 23: Charge capacity of (a) graphite and EFGO and (b) EFGO with 10%
polysilazane or 10% SiCNO ceramic nanoparticles. Charging and discharging rates: 20
× 20 mA g-1

The electrochemical performance of the composite was evaluated through a half-cell test
where the composite was used as a working electrode. EFGO is a commercial few-layer
graphene oxide flake with carboxylic acids, carbonyls, and hydroxyls functional groups
on the edge with a good electrical conductivity (4.7 S/cm provided by Garmor Inc.). [186]
Meanwhile, EFGO exhibited larger Li-ion uptake than pristine graphite. Figure 23a shows
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that the reversible charge capacity of EFGO is ~380 mg-1, while that of graphite is ~300
mg-1. Therefore, EFGO was used as a conductive filler in our study. Figure 23b shows
that the addition of 10% SiCNO ceramic nanoparticles in EFGO increased the charge
capacity of the composites to ~500 mAh g-1. In contrast, adding polysilazane
nanoparticles, an insulator, to EFGO decreased the capacity to ~230 mAh g-1.

Electrode samples were labeled as EFGO, 10%SiCNO, 20%SiCNO, 40%SiCNO for
EFGO/SiCNO nanoparticles composite electrode containing 0%, 10%, 20%, 40% of
SiCNO nanoparticles in the composites, respectively. The electrochemical performance
of electrodes was tested by galvanically charge/discharge with a current density of 40
mA/g for the first 5 cycles, followed by a large current density of 200 mA g-1 for subsequent
cycles. The Li-ion storage capacity increased with the percentage of SiCNO ceramic
nanoparticles in the composite. The initial discharge capacity of EFGO, 10%SiCNO,
20%SiCNO, 40%SiCNO are 851.4 mAh g-1, 958.4 mAh g-1, 1066.2 mAh g-1, 1365.4 mAh
g-1 (Figure 24a), with the calculated columbic efficiency of 43.64%, 60.90%, 51.33%,
62.91%, respectively (Figure 24b). The specific capacities in Figure 24 were calculated
based on the total weight of the EFGO/SiCNO nanoparticles composite. The low columbic
efficiency of the 1st cycle was attributed to the formation of solid electrolyte interphase
(SEI). The addition of SiCNO nanoparticles in EFGO increased the columbic efficiency of
the 1st cycle. A flat lithiation plateau of the composite was observed at ~0.385 V versus
Li/Li+, which increased with the increased percentage of SiCNO ceramic nanoparticles. In
contrast, the electrode of EFGO did not show this plateau, suggesting that SiCNO
ceramic nanoparticles contributed to the increased Li-ion storage of the composite.
79

Figure 24: Electrochemical performance of SiCNO ceramic nanoparticles and EFGO
composite. (a) 1st cycle voltage profile of EFGO, 10%SiCNO, 20%SiCNO, and
40%SiCNO, (b) Charge capacity and columbic efficiency of SiCNO ceramic
nanoparticles/EFGO composite working electrodes with increasing current densities.
Charging and discharging rates: 5 × 0.1, 5 × 0.2, 5 × 0.4, 5 × 0.8, 5 × 1.6, 5 × 3.2, 10 ×
0.1 A g-1, (c) Long-term performance of 40%SiCNO. Charging and discharging rates: 300
× 0.4, 10 × 0.1 A g-1, (d) Differential capacity curves of 40%SiCNO in different cycles.
Charging and discharging rates: 5 × 0.02, 95 × 0.1 A g-1, (e) Nyquist plot of EFGO,
10%SiCNO, and 40%SiCNO samples after 5th charging cycle, (f) Nanoparticle size
expansions in lithiation (L) and delithiation (D) cycles measured from in situ TEM analysis.
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Figure 25: (a) Capacity curves of EFGO (charging and discharging rates: 5 × 0.02, 95 ×
0.1 A g-1), (b) Nyquist plot of 40%SiCNO at different charging cycles.

Figure 24b presents the rate performance and coulombic efficiency of the composite with
different amounts of SiCNO ceramic nanoparticles at different current densities. The rapid
decrease of charge capacity and low coulombic efficiency of the first few cycles were
caused by the irreversible loss of active material due to the decomposition of electrolyte
solution and the formation of SEI. The charge capacity increased corresponding to the
fraction of SiCNO inactive material. 40%SiCNO showed the highest delithiation capacity
of about 835.6, 664.3, 530.6, 373.9, 231.4, 158.2 mAh g-1 at the current densities of 0.1,
0.2, 0.4, 0.8, 1.6, 3.2 A g-1, respectively. The current density was brought back to 0.1 A
g-1 from the 31st to the 40th cycle where the charge capacity of all electrodes recovered
to similar performance of the 5th cycle. This recovery indicated that the samples were
robust with no structural damage during high rate lithiation and delithiation.
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Figure 24c shows the long-term performance of the 40%SiCNO sample. After the rate
performance test, the same 40%SiCNO sample underwent symmetric discharge/charge
at a current density of 0.4 A g-1 for 350 cycles to study its cyclic stability. The capacity
decayed from the 41st cycle to the 340th cycle is 0.049 mAh g-1 per cycle (0.0097% of
the original capacity). Moreover, the capacity of the electrode was 686 mAh g-1 at the
341st cycle when the current density was brought back to 0.1 A g-1 and stabilized to 705
mAh g-1 at the 350th cycle. 40%SiCNO sample showed 96% capacity retention compared
with the capacity at the 40th cycle at the beginning of the long-term performance test. The
coulombic efficiency of the sample remained ~99.5% throughout the long-term
performance test which indicated excellent functional stability of the composite electrode
without structural damage and degradation for 350 cycles.

This discovery was also confirmed by differential capacity curves in Figure 24d. The
discharge of 40%SiCNO shows three reduction peaks, while the charge of 40%SiCNO
shows two oxidation peaks. The reduction peak at ~0.899 V versus Li/Li+ appeared only
in the 1st cycle, indicating the formation of solid electrolyte interphase (SEI). The
reduction peak at ~0.076V and oxidation peak at ~0.094 V resulted from the lithiation and
delithiation of graphic carbon of EFGO, respectively, which were presented in all
subsequent cycles. At the 100th cycle, the peak at ~0.094 V from the 40%SiCNO
electrode almost disappeared (Figure 24d), while that of the EFGO electrode still existed
(Figure 25a). This difference indicated that the crystal structure of carbon domains was
disrupted in the cycling process. Sharper peaks in differential capacity curves (Figure
24d) represented a flat plateau with a smaller slope in voltage profile (Figure 4a),
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suggesting more defined crystal structures in the lithiation/ delithiation process. [192]
Lithiation of SiCNO involved an irreversible stage where lithium ions reacted with SiCNO
and the crystal nanodomains of SiCNO were converted to amorphous lithiated SiCNO
structures. This process might also disrupt the crystal structure of adjacent carbon
domains.

The reduction peak at ~0.385 V and oxidation peak at ~0.422 V were related to the
lithiation and delithiation of SiCNO, respectively. [184] The discharge of EFGO did not
show any peak at ~0.385 V (Figure 25a), suggesting that these peaks were only
associated with CNO. The reduction peak at ~0.385 V in the 1st cycle was relatively larger
than that of the following cycles, which indicated that the crystal nanodomains of SiCNO
were lithiated. The reduction peak dramatically decreased in the 2nd cycle and
disappeared after the 30th cycle, suggesting that the SiCNO crystal structure was
gradually disrupted by the lithiation. Some of the SiCNO crystal structure was converted
into the amorphous structure by the lithiation as suggested by previous reports. [184, 192]
Moreover, the SiCNO delithiation peak at ~0.422 V was smaller than the corresponding
SiCNO lithiation at ~0.385 V. We believe that the lithiation of SiCNO (SiO2 and Si3N4
domains) included two stages. The first stage was an irreversible reaction of lithium ions
with SiCNO to break the Si-O and Si-N bonds where the crystal nanodomains of SiCNO
were converted to amorphous lithiated SiCNO structures. The second stage of lithiation
was reversible, where lithium ions were inserted in the amorphous SiCNO and left the
SiCNO upon discharge and charge, respectively.
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Electrochemical impedance spectra (EIS) measurement was employed to evaluate the
ionic conductivity of the SiCNO/EFGO composite. Figure 24e shows the Nyquist plot of
EFGO

with

different

percentages

of

SiCNO

nanoparticles

after

the

5th

discharging/charging cycle. Two semicircles are overlapped at the scanning range of high
frequency which represents the resistance of charge transfer and SEI. [193] The
resistance decreased from 86 Ω to 58 Ω with the percentage of SiCNO in EFGO
increasing from 0 to 10%. The resistance further decreased to 49 Ω when the percentage
of SiCNO was increased to 40%. Resistances were converted to ionic conductivities
according to Equation 19. The observation of resistance difference indicated that the
addition of SiCNO increased the ionic conductivity of the SiCNO/EFGO composite. We
believe that incorporating SiCNO nanoparticles into EFGO disrupted the stacking of
EFGO and facilitated the transport of Li ions. Figure 25b shows that the resistance of
40%SiCNO remained the same from the 5th to 100th cycle, suggesting excellent
structural stability of the electrode material and good electronic contact between the
active materials and the cure collector.

𝜎=

𝐿
𝐴𝑅

( 19 )

where σ is ionic conductivity, L is sample thickness, A is sample area and R is resistance.
[194, 195] The thickness of the active materials on the electrodes was kept the same in
the doctor blade coating method. The electrodes were cut into round discs with a size of
16 mm in diameter.
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The change in the crystal structure and volume of the SiCNO ceramic nanoparticle during
lithiation was investigated by an in-situ TEM. SiCNO ceramic nanoparticles were dropped
cast with NMP solvent on a copper grid with lacy carbon acting as a substrate and a
current collector. For the counter electrode, Li metal was scratched onto a tungsten probe.
The grid was cut and mounted with the tungsten probe on the TEM holder
(Nanomanipulator Holder, Hummingbird Scientific). FEI Tecnai F20 operated at 300 kV
acceleration voltage was used for the observation. The probe was placed on opposite
sides of the holder with a piezo manipulator. After the probe was manipulated to contact
Li metal with the SiCNO nanoparticles, constant voltages of -3.0 and 3.0 V were applied
to the particles during the lithiation and delithiation processes, respectively. The size of
SiCNO particles observed in in-situ TEM was larger than the average size of the
synthesized nanoparticles due to the aggregation of SiCNO nanoparticles during the TEM
sample preparation. SiCNO nanoparticles were dispersed in NMP and drop cast on TEM
grids for in situ TEM sample preparation. The SiCNO nanoparticles aggregated on
substrates, like carbon film of TEM grids and EFGO sheets, after the NMP solvent
evaporated. The size measurement and calculation were more precise with a large
particle. Therefore, 90 nm nanoparticles were used for in situ TEM analysis and size
expansion measurement. A small volume change of the nanoparticle during lithiation and
delithiation was observed. The change in the particle size during the lithiation/delithiation
cycles is shown in Figure 24f. A linear expansion of 9.36% (volume expansion of 30.79%)
was observed in the first lithiation process (Figure 26). Then, the nanoparticle shrinks
back to 103.64% of its initial size after the first delithiation process. The size change
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became smaller in the following cycles (Figure 27). The small volume change in lithiation
and delithiation cycles indicated good structural stability of the SiCNO electrode
composite corresponding to its high cycle performance as a LIB anode.
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Figure 26: Microstructure investigation of SiCNO ceramic nanoparticles in the 1st
charge/discharge cycle by in situ TEM method.
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Figure 27: Microstructure investigation of SiCNO ceramic nanoparticles in first two
charge/discharge processes by in situ TEM method.

Figure 28: Diffraction pattern of SiCNO before and after cycling from in situ TEM analysis.
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Figure 29: (a) X-ray diffraction pattern of 40%SiCNO electrode before and after cycling,
(b) high-resolution XPS spectrum of Si 2p of 40%SiCNO electrode before and after
cycling.

To understand the phase transformation of the lithiation and delithiation, electron
diffraction pattern was analyzed. Figure 28 compares the selected area diffraction
patterns (SAED) of SiCNO before and after the lithiation. The rings that variations were
from graphite and the substrate (Cu). The first and the third rings in the diffraction pattern
before the reaction matched with SiCN and SiOC peaks. [196] These peaks
corresponded to peaks with 2θ of ~35° and ~60° from the XRD analysis. Upon lithiation
the diffraction, pattern showed diffraction pattern of Li15Si4 [197, 198], Li3N [199-201] and
Li2O [191, 202, 203] phases. Therefore, we believe that SiO2 reacted with Li and produced
Li15Si4 and Li3N, and Si3N4 reacted with Li and formed Li15Si4 and Li3N during the lithiation
of SiCNO. This discovery is consistent with previous publications. [192] The diffraction
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peaks of these materials were very close to each other and difficult to determine with
SAED alone. However, considering the XPS data shown in Figure 15 and Table 1, the
diffraction rings were likely to be originated from the listed phases.

To further understand the mechanism of lithiation of SiCNO, XRD and XPS were
performed on the working electrode before and after cycling. XRD data in Figure 29a
shows the interlayer spacing of graphitic carbon in the free carbon domains slightly
increased after cycling from 0.3352 nm to 0.3372 nm, which indicates the Li-ion
intercalation of free carbon. Figure 29b shows the XPS of Si 2p. The Si peak shifts from
103.5 eV to 101.4 eV after lithiation of the SiCNO/EFGO composite electrode, which
indicates the alloying of Si and Li. As a result, Li ions were stored through two pathways
in SiCNO lithiation: (a) Li-ion intercalating between graphitic carbons in free carbon
domains; (b) lithiation of SiO2 and Si3N4 domains, as displayed in Equations 20 and 21.

4SiO2 + 19Li ↔ Li15 Si4 + 2Li2 O

4Si3 N4 + 93Li ↔ 3Li15 Si4 + 16Li3 N

( 20 )

( 21 )

The previously discussed two-stage lithiation was involved in the lithiation of SiO2 and
Si3N4 domains. The alloying of Si and Li took place in both stages of SiCNO lithiation.
This mechanism is consistent with the mechanism predicted by theoretical studies [185],
and was believed to attribute to the larger capacity of SiCNO than that of graphite and
better structural stability than that of silicon.
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3.4. Conclusion
SiCNO ceramic nanoparticles were synthesized via an oil-in-oil emulsion crosslinking
followed by pyrolysis of polysilazane precursors. The electrochemical behavior was
determined by assembling the EFGO/SiCNO composite in the 2032 type coin cell. The
lithiation of SiCNO was observed at ~0.385 V. The nano-scaled particles provided a high
capacity of 705 mA h g-1 after 350 cycles at a current density of 0.1 A g-1 with excellent
cyclic stability with a capacity decay of 0.049 mA h g-1 (0.0097%) per cycle. in situ TEM
investigation of lithiation/delithiation process of SiCNO nanoparticle/EFGO composites
demonstrated extraordinary structural stability of the composites with 9.36% linear
expansion in the lithiation process. It was also suggested that free carbon- and siliconbased domains both contributed to the storage of Li ions of SiCNO. These results indicate
that the SiCNO ceramic nanoparticles have great potential as a high capacity and good
cyclic stability anode material for LIB.
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CHAPTER 4: REMOVAL OF HEAVY METAL IONS IN WATER BY
ELECTROSPUN POLYELECTROLYTE FIBER MATS
Amirsalar R. Esfahani, Zeyang Zhang, Yuen Yee Li Sip, Lei Zhai, A.H.M. Anwar Sadmani.
"Removal of Heavy Metals from Water Using Electrospun Polyelectrolyte Complex Fiber
Mats." Journal of Water Process Engineering 37 (20 June, 2020): 101438

4.1. Introduction
Heavy metals are used in manufacturing various consumer and industrial products [206],
and various activities such as mining, smelting, and metal plating contribute to metal
pollution [207, 208]. In addition, heavy metals such as Pb, Cu, Cd, Ni, Hg, and Sb present
in electronic wastes (E-wastes) [209] may end up in both water and soil due to the
undisciplined processing of E-wastes [210]. Heavy metals in the biosolids generated from
the wastewater treatment plants become concentrated in the leachates that are
generated in the landfills receiving those biosolids [206]. The disposal of heavy metals in
the environment can adversely impact aquatic life [211-213] and alter the physiological
and biochemical processes in plants [207]. Many metals have been reported to cause
DNA damage and conformational changes at high concentrations, leading to cell cycle
modulation, carcinogenesis, or apoptosis [214].

Several technologies including ion exchange, chemical oxidation, chemical precipitation,
and electro-dialysis have been investigated to remove heavy metals from aqueous
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solutions [215-218]. These technologies have demonstrated variable efficiencies in metal
removal, and the drawbacks associated with these technologies include high operation
costs and the production of secondary contaminants. Alternatively, ‘biosorbents’ derived
from various industrial byproducts and agricultural wastes [219-222] have shown
promising metal removal efficiency with low operation cost but incurred high biological
and chemical oxygen demands [223]. The membrane process can serve as an effective
barrier to recalcitrant organic and inorganic pollutants [224-226]; however, it is energyintensive and prone to fouling during long-term operation [227].

Polyelectrolytes (PE) have been widely investigated as heavy metal ion removal media
because of their high local concentration of functional groups such as carboxylates as
well as strong interactions of these functional groups with metal ions [228-231]. PEs are
macromolecules containing ionizable repeating units (e.g., carboxylate, amine, and
sulfonate). Depending on the charges, PEs can be cationic (+), anionic (-), or non-ionic.
A major limitation of using PEs in many desired water treatment applications is their
solubility in water. However, recent studies [232, 233] have reported that PE fibers
produced by electrospinning solutions of oppositely charged PEs such as polyacrylic acid
(PAA) and polyallylamine hydrochloric acid (PAH) or PAA and chitosan (CS) exhibit
excellent stability in aqueous solutions. Ultrathin fibers with diameters in micron and submicron ranges can be generated by electrospinning by applying a high electrostatic field
to a viscoelastic jet created from a solution of desired polymer(s). Electrospinning has
been extensively explored as a scalable approach to manufacturing functional fibers
[234], offering great control over fiber microstructure and geometry, cost and time, and
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vast material selection; and is well-suited to scale-up [235, 236]. Due to their high porosity
and aspect ratio, large surface area, surface charges, and versatility to immobilize active
nanoparticles, the electrospun (ES) fibers have demonstrated great potential in
environmental remediations including discoloration of organic dyes [237], removal of
various emerging contaminants [238, 239], and treatment of oily wastewater [240]. Past
studies [241-243] have investigated metal ion removal using ES fibers in synthetic
solutions; however, there is a lack of studies investigating the effect of water matrix and
very few studies [244, 245] focused on the removal of heavy metals using ES fibers
produced from PE complexes. Specifically, fiber mats produced via electrospinning of PE
complex of PAA and PAH that have excellent stability in aqueous solutions [232] have
not been tested for heavy metal removal from waters. Furthermore, determining the effect
of the water matrix on metal ion removal using such complex fibers is essential when
considering practical water treatment applications.

To address the above-mentioned knowledge gap, we aimed to determine the heavy metal
removal capability of stable fiber mats fabricated through electrospinning of PAA/PAH
complex solutions in environmentally relevant aqueous solutions. We performed
scanning electron microscopy (SEM) to determine the effect of electrospinning operating
conditions and PAA: PAH ratios on the physical morphology of PAA/PAH fiber mats. We
also evaluated the aqueous stability of the fiber mats by exposing them to metal ion
solutions. We determined the adsorptive removal of three environmentally important
heavy metals i.e., lead (Pb), cadmium (Cd), and copper (Cu) by the PAA/PAH fiber mats
at different pH conditions. The removal efficiencies of the PAA/PAH fiber mats were
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evaluated by determining the metal concentrations remaining in the solution using Flame
atomic absorption spectroscopy (FAAS) and also by examining the adsorbed metals on
the fiber mats using energy-dispersive x-ray spectroscopy (EDS). The effect of water
matrix on heavy metal removal using the PAA/PAH fiber mats was probed by comparing
metal removals in the presence and absence of natural organic matter (NOM).
Mechanistic understanding of the NOM metal-fiber interaction was revealed through the
characterization of PAA/ PAH fiber mats and the metals and NOM adsorbed onto the
mats using Fourier transformed infrared (FT-IR) spectroscopy.

4.2. Materials and Methods

4.2.1. Materials
Polyacrylic acid (PAA, 25 wt % solution in water; approx. M.W. 240,000) and
polyallylamine hydrochloride (PAH) powder (approx. M.W. 16,000) were procured from
Acros Organics and Frontier Scientific, respectively. Sodium hydroxide (pellets/certified
ACS) and nitric acid (Certified ACS Plus) were procured from Fisher Scientific for pH
adjustment. Pb, Cu, and Cd standard solutions (1000 μg/mL, Claritas PPT Grade) were
obtained from SPEX CertiPrep. Suwannee River natural organic matter (NOM) was
obtained from the International Humic Substances Society (IHSS). The deionized (DI)
water used in all control and NOM-spiked experiments were collected from a Barnstead
Pacific TII Water Purification System. pH was measured using a multiparameter meter
(model PCSTestr 35).
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4.2.2. Electrospinning and Crosslinking of PAA/PAH Composite Mats
A high voltage DC power supply (model EQ50P24) (Glassman High Voltage Inc.) was
used for the electrospinning setup (Figure 30). A programmable single-syringe pump
(model NE- 1000, New Era Pump Systems Inc.) was used to release the PE solutions
using a needle with 0.023 mm inner diameter (Sigma-Aldrich) and 3-mL BD disposable
syringes with Luer-Lok Tips (Fisher Scientific). PAH and PAA were mixed at different
molar ratios using a magnetic stirrer (200–300 rpm) for 10 min to reach a homogeneous
solution at room temperature. The solution was then transferred into the 3-mL plastic
syringe attached to the needle for electrospinning (Fig. 1). The feed pump rate and the
applied electrical potential were fixed at 0.6 μL/h and 8.8 ± 0.2 kV, respectively. The
working distance between the needle tip and the aluminum foil collector was set at 10.5
cm. A parchment paper was taped onto the aluminum foil collector for easy collection and
removal of the fiber mats. During the thermal crosslinking, the parchment paper crumbled
in the oven allowing the mat to be lifted from the paper. The fiber mats were peeled off
from the collector and dried at 140 °C for 6 h to crosslink the polymers
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Figure 30: Schematic of electrospinning setup and fiber cross-linking protocol.

4.2.3. Fiber Characterization
The PE fiber mats were examined under scanning electron microscopy (SEM) using a
Zeiss ULTRA- 55 FEG SEM. The samples were sputter-coated with a 10 nm thin film of
gold-palladium before SEM analysis. PAA/PAH ratios of 4:1 and 8:1 were examined to
determine the influence of relative polymer concentrations on the morphology of the
fibers. The adsorbents on the fibers were identified using the Noran system 7 energy97

dispersive X-ray spectroscopy (EDS) equipped with a silicon drift x-ray detector. Fiber
mats were prepared for EDS analysis by placing them for 2 h into individually spiked metal
solutions of 100 ppm of Pb, Cu, or Cd to distinguish the metal peaks that were not
necessarily observed on all locations of the fibers uniformly during initial characterization.
The fiber mats were then dried at room temperature for 24 h. Fourier transform infrared
(FT-IR) spectroscopy was employed to identify the chemical bonds, or organic functional
groups including amines, carbohydrates, and carboxylic acids (humic substances) [246,
247]. FT-IR spectra were obtained using a Shimadzu QATR-S single reflection ATR
accessory with a diamond crystal.

4.2.4. Heavy Metal Removal
The removal of heavy metals by stable PE fiber mats was evaluated by batch
experiments. 30 mg of fiber mats were submerged in 100 mL of DI water spiked with 2
ppm of each of Pb, Cd, and Cu. The solutions were left on a shaker (120 revolutions per
min [rpm]) for 120 min and then metal concentrations in the solutions were measured.
Flame atomic absorption spectroscopy (FAAS) was conducted to measure metal
concentrations in the solutions using a PerkinElmer AAnalyst 400. The effect of NOM on
metal removal by the fiber mats was investigated using DI water spiked with Suwannee
River NOM at 10 ppm and 20 ppm concentrations.

98

4.3. Results and Discussion

4.3.1. Effect of Electrospinning Operating Parameters and PE Ratios on Fiber Size and
Stability
Stable

PE

fiber

mats

were

produced

from

homogeneous

polyacrylic

acid

(PAA)/polyallylamine hydrochloride (PAH) complex solutions by dissolving PAH into 25
% PAA aqueous solutions at 4:1 and 8:1 molar ratio of PAA and PAH. The pH of the
mixture was maintained at around 2.1 during the electrospinning process. The impacts of
electrospinning voltage and the distance between the needle and collecting pad (i.e., the
working distance) on the fabrication of the PE fibers were also examined to determine the
optimal PAA: PAH ratio and fiber size. The free-standing fibers and fiber mats were
examined using SEM. As shown in Figure 31(a and b), the free-standing fibers appear to
remain unchanged at the two different applied voltages of 8 kV and 9 kV. The fiber
diameters, ranging from approximately 600 nm – 1500 nm, appear to remain unchanged
at the two electrospinning voltages applied. As shown in Figure 31 (c and d), varying the
PAA/PAH ratios did not result in any distinct difference in fiber diameter or shape. The
stability of the optimized fiber mats was evaluated by weighing the mass of fabricated
fibers before and after mixing in metal ion solutions. It was observed that the fibers were
stable in the metal ion solutions and the weight difference before and after soaking the
fibers in the metal ion solution was less than 6 %.
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Figure 31: SEM images of PAA/PAH electrospun fibers fabricated at (a) 8 kV and (b) 9 kV,
fibers produced from PAA/PAH ratios of (c) 4:1 and (d) 8:1, and (e) PAA/PAH electrospun
fiber mat.
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4.3.2. Heavy Metal Removal
Batch experiments were conducted following the protocol discussed in the Materials and
methods section to determine the adsorptive removal of selected heavy metals (Pb, Cd,
and Cu) from DI water by the PAA/PAH complex fiber mats with a PAA to PAH ratio of
8:1. The experiments were carried out at two different pH values (3.4 and 7.4), which
were continuously monitored and found to be unchanged over the experimental duration,
to probe the impact of pH on metal adsorption by the fibers. At pH 3.4, the stabilized
adsorptive removals of Pb, Cd, and Cu by the fiber mats were approximately 63 %, 42 %,
and 21 %, respectively, after 120 min of contact time (Figure 32a). While the adsorptive
removal of Cu equilibrates after around 10 min, that for Pb takes about 30 min. The
adsorption of Cd, however, appears to continue beyond the experimental duration (120
min). Other studies [248-250] also reported lower removal of Pb2+, Cu2+, and Cd2+ by
electrospun nanofibers at lower pH values (< 4). The adsorptive removals and capacity
at equilibrium for all three metals increased at the higher pH (7.4) (Figure 32b). At pH 7.4,
the maximum adsorptive removals of Pb, Cd, and Cu by the fiber mats reached
approximately 70 %, 98 %, and 92 %, respectively. The equilibrium was reached between
80–100 min (after 80 min for Cu and Cd and after 100 min for Pb). It is interesting to note
that the initial adsorption of Pb was lower at pH 7.4 (compared to pH 3.4) until around 75
min, but the adsorptive removal at equilibrium was approximately 7% higher at a higher
pH (Figure 32b).
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Figure 32: Adsorptive removal of heavy metals as a function of time at (a) pH 3.4 and
(b) pH 7.4.
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As explained further in Section 3.4, using FT-IR spectra, the metal ion removal by the
PAA/PAH complex fiber mats may be attributed to the electrostatic interactions of the
metal ions with carboxylate ions (–COO-) from the fibers. The higher pH (7.4) facilitates
the ionization of carboxylic acids (–COOH) from the fiber mats into –COO- [249], resulting
in enhanced mental association with the fibers. The comparatively lower removal of Pb2+
at this pH could be due to its ionic radius, which is larger than Cu 2+ and Cd2+ [251],
resulting in less availability of –COO- for Pb2+ per unit surface area of the fibers when
compared to Cu2+ and Cd2+ in the individually spiked metal solutions tested. Using
electrospun nanofiber membrane of polyelectrolyte ethylene oxide (PEO)/Chitosan,
Aliabadi et al. [251] showed less adsorption of Pb2+ compared to Cd2+ and Cu2+ by the
nanofiber membranes, which they suggested were due to the larger ionic radius of Pb 2+
than Cd2+ and Cu2+. At pH 3.4, the carboxylate ions are deionized to –COOH [249], and
hence, metal ion removal was likely governed by the complexation between the metals
and –COOH, rather than due to electrostatic interactions as in the case of pH 7.4. Bala
et al. [252] conducted a quantitative study to determine the binding strength of –COOH
with divalent metal ions and reported that Pb2+ always exhibits stronger binding with –
COOH than Cd2+ despite the smaller ionic radius of Cd2+ when compared to Pb2+. In the
current study, at pH 3.4, when the electrostatic interaction is not dominant (which is the
case of pH 7.4 instead), Pb2+ binds stronger with –COOH and exhibits higher removal
efficiency than Cd2+ and Cu2+. At pH 7.4, however, the electrostatic interaction between
the metal ions and –COO- plays a dominant role and Pb2+ removal efficiency becomes
less compared to Cd2+ and Cu2+ as explained earlier. The Cu ion removal efficiency
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observed in the current study was comparable to that in a study conducted by Xiao et al.
[245], who reported 91 % stabilized removal of Cu when using composite PAA/polyvinyl
alcohol (PVA) nanofibers. However, they conducted the experiments using a highconcentration (50 mg/L) single-metal ion [Cu (II)] solution, and the influence of NOM on
Cu removal was not verified in that study. In the current study, the influence of water
matrix on heavy metal removal using the PAA/PAH complex fiber mats was determined
by comparing metal removals in the presence and absence of NOM, as discussed in the
following section.

EDS analysis was conducted to confirm the presence of metals on the fiber mats. The
EDS spectra (Figure 33) show the presence of carbon, oxygen, nitrogen, and sodium,
which signify the composition of the polymers that constitute the fiber mats. Figure 33 b,
c, and d show the presence of Pb, Cd, and Cu, respectively, on the fiber mats that were
in contact with the respective metal solutions. It should be noted that there were locations
on the fibers where peaks were not observed, indicating that metal adsorption onto the
fibers was not probably uniform. Hence, the local concentrations and availabilities of
functional groups such as carboxylates may have influenced the metal-fiber interactions
and metal removal from water. The disappearance of or decrease in Na peaks for the
fibers exposed to metal solutions, when compared to the control fibers (Figure 33a), could
be due to the fact that the metal ions had replaced Na+ of the Na salt of PAA when in
solution.
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Figure 33: EDS spectra of PAA/PAH fiber mats in DI water with no metals spiked (control)
(a), in Pb solution (b), in Cd solution (c), and Cu solution (d).

The Langmuir [253] and Freundlich [254] isotherm models, given by Equations 22 and
23, respectively, were used to verify if the adsorption of the tested metals by the PAA/PAH
complex fibers can be represented by these models.

1
𝑞𝑒

=

1
𝑞𝑚

+

1
𝐾𝐿 ∗ 𝑞𝑚 ∗ 𝐶𝑒

log 𝑞𝑒 = log 𝐾𝐹 +
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1
𝑛

∗ log 𝐶𝑒

( 22 )

( 23 )

Where qe is the equilibrium adsorbent-phase (fiber mats) concentration of an adsorbate
(metal) (mmol/g); Ce is the equilibrium concentration of an adsorbate (mmol/L); qm is the
maximum adsorbent-phase saturated concentration of adsorbate with monolayer
coverage (mmol/g) [253]; KL and KF are Langmuir adsorption constant (L/mmol) and
Freundlich adsorption capacity parameter (mmol/g (L/mmol)1/n), respectively; 1/n is the
Freundlich adsorption intensity parameter (unitless). The Langmuir isotherm provides a
better fit for Cu (r2 = 0.974) and Cd (r2 = 0.904) when compared to the Freundlich model
in Table 2, implying the occurrence of monolayer adsorption of these metals by the
PAA/PAH fiber mats at pH 7.4 [251]. The maximum adsorbent-phase saturated
concentration of Cu (qm =0.481 mmol/g) was higher than that of Cd (qm =0.141 mmol/g).
Although using different electrospun nanofibers (PEO/Chitosan), Aliabadi et al. [251]
observed a better fit for both Cu and Cd using the Langmuir model when compared to the
Freundlich model. They also reported slightly higher maximum adsorption per unit weight
for Cu than that for Cd. In the current study, Pb adsorption by the PAA/PAH fiber mats
did not fit either the Langmuir or the Freundlich isotherms, suggesting that further
isotherm studies are required to identify a suitable model for metal adsorption by this
specific blend of complex fibers.

106

Table 2: Isotherm parameters for adsorption of Cu2+ and Cd2+ on to the PAA/PAH fiber
mats (pH = 7.4).
Langmuir isotherm
Metal ion

qm

Freundlich isotherm

KL

KF (mmol/g
r2

r2

n
(L/mmol)1/n)

(mmol/g)

(L/mmol)

Cu2+

0.481

0.0372

0.974

1.1586

0.0126

0.936

Cd2+

0.141

0.05985

0.904

1.0402

0.780

0.837

4.3.3. Effect of NOM on Heavy Metal Ions Removal by PAA/PAH Complex Fiber Mats
The effect of NOM on the removal of heavy metals by the electrospun stable PAA/PAH
complex fiber mats was evaluated at concentrations of 10 ppm and 20 ppm at pH 7.4.
While the adsorptive removal of Cd and Cu was already very high (98 % and 92 %,
respectively) in DI water, the presence of NOM resulted in almost complete removal of all
of the three metals at both the NOM concentration levels tested (Figure 34). The removal
of Pb was approximately 30 % higher in the NOM-spiked water when compared to the DI
water. The enhanced removal of metal ions, in the presence of NOM, can be attributed
to the additional complexation due to the functional groups from NOM [255].
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Figure 34: Heavy metal removal by PAA/PAH fiber mats in the presence of NOM (after
120 min.).

4.3.4. Mechanism Behind NOM-enhanced Heavy Metal Removal by PAA/PAH Fiber
Mats
The fiber mats were examined using FT-IR to identify the functional groups and possible
bonds with NOM and metal ions. When the fibers are exposed to IR radiation, the
corresponding vibrational energy of atomic bonds is absorbed, and the FT-IR spectra
show absorbance intensity against the wavenumbers (or IR bands) corresponding to the
characteristic frequencies at which certain functional groups/chemical bonds in the
sample absorb IR. This results in absorption spectra that are a unique fingerprint of a
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compound [256]. Figure 35 shows the FT-IR spectra of the stable virgin fiber mat
(‘control’) and fibers collected from the batch experiments that were conducted using only
NOM-spiked or both NOM- and metal-spiked solutions. The FT-IR spectra in the ranges
of 1720−1706 cm−1 and 1250−1020 cm-1 correspond to carboxylic acid (–COOH) and
amine (C-N stretching) groups, respectively. Peaks at around 1400 cm −1 and 1600 cm-1
indicate carboxylate ion (–COO-) and those at around 1650 cm−1 and 1550 cm−1 indicate
amides [256]. The amide peaks (1553 and 1551 cm−1) confirm PAA/PAH crosslinking via
carboxylate groups of PAA and ammonium groups of PAH [257].
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Figure 35: FT-IR spectra of virgin and metal adsorbing PAA/PAH fibers in the presence
of NOM.
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While the –COOH and –COO- peaks for all the samples were observed at 1706 cm-1 and
1405 cm-1, respectively, the fiber mats from the NOM solutions showed higher intensities
(Figure 35), indicating higher availability of –COOH and –COO- in the presence of NOM.
Hence, the removal of the tested metals by the fiber mats may be attributed to the
association of the metal ions with –COO- [258]. Interestingly, the PAA/ PAH functional
groups as well as the NOM functional groups were so dominant in this case that the shifts
in peaks that one might expect due to new complexations were not distinctly identified in
Figure 35. A conceptual model illustrating the mechanism of NOM-enhanced heavy metal
removal by the fiber mats is shown in Figure 36. As illustrated in Figure 36, the enhanced
metal removal in the presence of NOM was likely due to the higher availability of –COOfrom NOM.

Figure 36: Illustration of heavy metal removal mechanism by PAA/PAH complex fiber
mats in the presence of NOM.
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4.4. Conclusion
In this study, stable PE fiber mats were produced through electrospinning of PAA and
PAH complex solutions. While the fiber mats exhibited up to approximately 63 % removal
of the tested heavy metals (Pb, Cd, and Cu) at pH 3.4, up to approximately 98 % removal
was observed at pH 7.4 from synthetic metal solutions, confirming that higher pH
facilitates more effective removal of Pb, Cd, and Cu. The presence of NOM resulted in
almost complete removal of all three metals at the higher pH (7.4). The removal of metal
ions may be attributed to the dominance of carboxylate ions (–COO-) from the fiber mats
leading to metal-COO- complexation. The enhanced metal removal in the presence of
NOM is likely due to the higher availability of –COO- from NOM.

The PAA/PAH complex fiber mats tested in this study can be applied in heavy metal
removal during drinking water production or wastewater treatment, not only as
pretreatment media but also as a component of hybrid membrane processes or may
serve as nanoreactors where various nanoparticles can be immobilized [245]. The fiber
mats may be regenerated using acid and reused for several cycles to optimize process
costs [251]. Our future work will focus on evaluating the application of the PAA/PAH
complex fiber mats as commercial membrane modifiers aimed at improving the
membrane efficiency in removing heavy metals from various water matrices.
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CHAPTER 5: CONCLUSION
In this dissertation, the lithium-ion storage behavior of ceramic nanoparticles and heavy
metal ion absorption of polyelectrolyte electrospun fiber were investigated. Si-based
SiCNO ceramic nanoparticles improved the cyclic stability of silicon anode with a large
capacity. PAA/PAH polyelectrolyte electrospun fiber showed an outstanding heavy metal
ion absorption behavior. The major achievements of the 2 projects are summarized below.

In the first project, SiCNO ceramic nanoparticles were synthesized via an oil-in-oil
emulsion

crosslinking

followed

by pyrolysis

of

polysilazane

precursors.

The

electrochemical behavior was determined by assembling the EFGO/SiCNO composite in
the 2032 type coin cell. The lithiation of SiCNO was observed at ~0.385 V. The nanoscaled particles provided a high capacity of 705 mA h g-1 after 350 cycles at a current
density of 0.1 A g-1 with excellent cyclic stability with a capacity decay of 0.049 mA h g -1
(0.0097%) per cycle. in situ TEM investigation of lithiation/delithiation process of SiCNO
nanoparticle/EFGO composites demonstrated extraordinary structural stability of the
composites with 9.36% linear expansion in the lithiation process. It was also suggested
that free carbon- and silicon-based domains both contributed to the storage of Li ions of
SiCNO. These results indicate that the SiCNO ceramic nanoparticles have great potential
as a high capacity and good cyclic stability anode material for LIB.

In the second project, stable polyelectrolyte fiber was produced through electrospinning
of PAA and PAH complex solutions, followed by thermal crosslinking. The fiber mats
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exhibited up to approximately 63 % removal of the tested heavy metals (Pb, Cd, and Cu)
at pH 3.4, and up to approximately 98 % removal was observed at pH 7.4 from synthetic
metal solutions, confirming that the removal of Pb, Cd, and Cu by electrospun fiber is
more effective at higher pH. The removal of metal ions is attributed to the dominance of
carboxylate ions (–COO-) from the fiber mats leading to metal and -COO- complexation.
The enhanced metal removal in the presence of NOM is due to the higher availability of
–COO- from NOM.
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